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AB STR ACT
The measurement of bioelectric signals, e.g. the electiocardiogram and electromyogram 
(EMG), from the body is susceptible to noise, aitefacts and interference; such as power-line 
interference. To reduce these effects differential-input amplifiers are commonly used. 
Rejection is further enhanced by implementing a referencing system into the design, such as 
connecting a third electi'ode to circuit common or driving the shields. However, there has 
been no quantitative study into the relative merits of the different systems. For this reason, an 
experimental analysis and computer simulation was undertaken.
In the experimental tests, a rig and instrumentation system were developed to record the 
surface isometiic EMG from biceps brachii. Published referencing systems were used in the 
trials and the recorded signals were quantified using repeatable parameters. These were 
calculated from the frequency domain and included the median fiequency and a measure of the 
spectral power distribution. The results showed a significant reduction in the interference 
when a third electrode or isolation was used. No further reduction was observed if a more 
complex ch'cuit, such as a driven referencing system, was used.
In the computer simulation, a SPICE computer model of the recording environment was 
developed. This included the preamplifier and the interference sources from displacement 
currents induced into the leads and the body. The different referencing systems were 
incorporated within this basic stiucture. The results confirmed those from the experimental 
work and, by comparison to a 1 % tolerance criterion, it was concluded that the driven-right 
leg or the thiee electrode driven shield isolated systems were superior.
It is concluded that referencing significantly affects interference levels on the bioelectric signal. 
These results may be used to facilitate a standard system to be adopted in bioelectric 
amplifiers. The implication for this in clinical practice is that it may improve the measurement 
of bioelectric signals.
A CKNO WLEDGEMENTS
The work required to complete a PhD is never atti'ibuted solely to the author, so I would like 
to thank everyone who has supported me during this time. In pai ticulai" I would like to thank:
Dr David Ewins - who as my supervisor, provided considerable help and guidance throughout 
the research and spent many hours (or days?) deciphering the draft chapters, and who as a 
friend, supported me especially when the end was nowhere in sight!
Dr W Balachandran - for his assistance and support as co-supewisor throughout the resear ch.
Mr Tim Watson - for his support tliroughout the research and especially for intr oducing me to 
the injury current / cries of a potato!
To my colleagues in the Depar tments of Mechanical and Electtonic and Electrical Engineering: 
Mr Steve Hughes and Dr Peter Richards for their support; the secretarial staff in both 
departments, especially Sandra Macmillan and Emma Blay; Dr Dinesh Patel for his assistance 
during the SPICE work; and the workshop technicians in both departments.
To my friends in both departments who provided me with support and also 'willing' subjects. 
Especially to all who dwell/dwelled in that ‘hive of activity' called 20AC20 - success to you 
all!
To the staff at Cambridge Electronic Design Ltd. (CED) for the software and hardware 
support they so freely, and swiftly, provided.
To the Science and Engineering Research Council for their financial support. However, 
perhaps there will come a day when the government takes research seriously in this country.
Outside of the university environment, my thanks go to the following:
To my parents and family for all their support (including financial!) and encouragement 
thr ough my years of education.
To my friends who have lived thr ough the crests and troughs over a few drinks.
Finally, my greatest thanks go to my wife Maria for living the PhD as much as I did. Without 
her never-ending support this thesis would not have occured. Here’s to the free evenings!!!
CONTENTS
NOMENCLATURE.................  .1
Chapter 1 - INTRO DUCTIO N
1.1 OBJECTIVES OF THE RESEARCH............................................................................4
1.2 BACKGROUND TO THE WORK................................................................................5
1.3 BIOELECTRIC POTENTIALS..................................................................................... .6
1.4 DIFFICULTIES IN MEASURING SURFACE POTENTIALS..................................7
1.5 PROPOSED WORK TO INVESTIGATE REFERENCING........................................ 8
Chapter 2 - NOISE, ARTEFACTS AND INTERFERENCE 
SIGNALS
2.1 INTRODUCTION........................................................................................................... U
2.2 SOURCES OF NOISE, ARTEFACTS AND INTERFERENCE................................. .1.1
2.2.1 Amplifier noise...............................................................................................11
2.2.2 Electrode noise............................................................................................... .1.2
2.2.3 Biological noise.............................................................................................. .12
2.2.4 Electrode motion artefacts.............................................................................. 13
2.2.5 Lead motion artefacts......................................................................................14
2.2.6 Magnetic induction...............,.....     .1.5
2.2.7 Magnetic induction into ground loops........................................................... L7
2.2.8 Displacement currents induced into the electrode leads................................. 17
2.2.9 Displacement cmrent induced into the body.................................................. 19
2.2.10 Displacement current through the body tissues..............................................2.2
2.2.11 Radio frequency interference......................................................................... 22
2.2.12 Static electricity interference...........................................................................23
2.2.13 Isolation-mode interference............................................................................25
2.3 GENERAL INTERFERENCE EQUATION................................................................. .27
2.4 MEASUREMENT OF BODY COUPLING PARAMETERS....................................... 28
2.4.1 Measurement techniques................................................................................ 29
2.4.2 Discussion of measurement techniques.........................................................32
2.4.3 Technique used and revised equations...........................................................34
2.4.4 Discussion......................................................................................................37
2.5 CONCLUSIONS............................................................................................................. 3.9
3 - BIOELECTRIC REFERENCING SYSTEMS
3.1 INTRODUCTION........................................................................................................... .40
3.2 INSTRUMENTATION AMPLIFIER.............................................................................40
3.3 REFERENCING SYSTEMS.......................................................................................... 43
3.3.1 Two and three electrode systems.....................................................................43
3.3.2 Isolated and non-isolated systems...................................................................45
3.3.3 Driven-right leg circuit design......................................................................... 41
3.3.4 Configuration of input lead shields..................................................................5.0
3.3.5 Driving the body at the common-mode signal................................................ 52
3.4 DISCUSSION.................................................................................................................. 53
3.5 CONCLUSIONS............................................................................................................. .5.6
Chapter 4 - CHARACTERISTICS OF THE EMG SIGNAL
4.1 INTRODUCTION............................................................................................................57
4.2 THE ELECTROMYOGRAM..........................................................................................57
4.2.1 Muscle contraction............................................................................................ 57.
4.2.2 The electromyogram......................................................................................... 60
4.3 CHARACTERISATION OF THE EMG SIGNAL........................................................62
4.3.1 Time domain characteristics..............................................................................6.3
4.3.2 Frequency domain characteristics.....................................................................65
4.3.3 Discussion......................................................................................................... 70
4.4 CONCLUSIONS............................................................................................................. .7.1
Chapter 5 - DESIGN OF EMG INSTRUMENTATION SYSTEM
5.1 INTRODUCTION........................................................................................................... .7.2
5.2 INTERFACING TO THE COMPUTER AND DATA ACQUISITION........................7.3
5.3 PREAMPLXHERS AND REFERENCING SYSTEMS.................................................7.4
5.3.1 Preamplifier design.......................................................................................... .7.4
5.3.2 Implementing referencing systems.................................................................. 76
5.3.3 Electrode input leads......................................................................................... 8.1
5.3.4 Measurement of preamplifier specification...................................................... 82
5.4 FILTERS...........................................................................................................................8.4
5.4.1 Low-pass filter.................................................................................................. .84
5.4.2 50Hz notch filter................................................................................................8.7
11
5.5 ISOLATION STAGE AND ELECTRICAL SAFETY.................................................. 9.0
5.5.1 Requirements for isolation stage..................................................................... 90
5.5.2 Design of isolation stage..................................................................................9.1
5.5.3 Electrical safety tests........................................................................................95
5.6 POWER SUPPLIES....................................................................................................... 97
5.7 CONCLUSIONS.............................................................................................................99
Chapter 6 - EXPERIMENTAL RIG, ELECTRODES AND 
PROTOCOL
6.1 INTRODUCTION............................................................................................................1.00
6.2 DESIGN OF EXPERIMENTAL RIG........................................................................... IQQ
6.2.1 Introduction...................................................................................................... 100
6.2.2 Review of experimental upper limb rigs......................................................... 101
6.2.3 Design specification......................................................................................... 1.04
6.2.4 Muscles that move the forearm........................................................................105
6.2.5 Rig design........................................................................................................ .107
6.2.6 Measurement and monitoring of the elbow angle............................................1.1.3
6.3 SURFACE ELECTRODES............................................................................................. 1.1.5
6.3.1 Body-surface recording electrodes................................................................. .1.15
6.3.2 Skin preparation................................................................................................1.17
6.3.3 Electrode positions............................................................................................1.19
6.3.4 Inter-electrode spacing..................................................................................... 1.2.1.
6.4 EXPERIMENTAL PROTOCOL.....................................................................................122
6.4.1 Selection of subjects..........................................................................;.............122
6.4.2 Load supported at the wrist............................................................................. .122
6.4.3 Contraction and resting times...........................................................................123
6.4.4 Test protocol..................................................................................................... 1.23
6.5 CONCLUSIONS............................................................................................................. .124
Chapter 7 - DATA ACQUISITION PARAMETERS AND 
ANALYSIS PROCEDURES
7.1 INTRODUCTION............................................................................................................125
7.2 DATA ACQUISITION PARAMETERS..............................................................   125
7.3 SIGNAL PARAMETERS...............................................................................................127
7.4 TIME DOMAIN ANALYSIS...........................................................................................127
111
7.5 FREQUENCY DOMAIN ANALYSIS........................................................................... 1.28
7.5.1 Introduction........................................................................................................128
7.5.2 Inaccuracies from the Fourier Transform algorithms.......................................1.3Q
7.5.3 Characteristics of data blocks.............................................................................1.3.1
7.5.4 Summary............................................................................................................ 1.39
7.6 ACCEPTABLE TOLERANCE MARGINS FOR THE EMG PARAMETERS........... 1.4.0
7.7 DIGITAL FILTERING OF EMG SIGNALS................................................................ .14.1
7.8 CONCLUSIONS............................................................................................................. .1.43
Chapter 8 - RESULTS EXAMINING REPEATABILITY OF 
SIGNAL PARAMETERS AND EXPERIMENTAL CONDITIONS
8.1 INTRODUCTION............................................................................................................1.44
8.2 REPEATABILITY OF SIGNAL PARAMETERS......................................................... .1.45
8.2.1 Repeatability from test-to-test........................................................................... 145
8.2.2 Repeatability from day-to-day.......................................................................... .1.5.0
8.3 EFFECTS FROM EXPERIMENTAL SET-UP CONDITIONS....................................155
8.3.1 Introduction.........................................................................................................155
8.3.2 Effect of forearm rotation...................................................................................155
8.3.3 Effect of skin abrasion.......................................................................................1.57
8.3.4 Effect of third electrode site...............................................................................160
8.3.5 Effect from movement of the electrode leads....................................................163
8.3.6 Effect of shielded and unshielded leads............................................................ 165
8.4 CONCLUSIONS............................................................................................................. .16.8
Chapter 9 - ANALYSIS OF THE EXPERIMENTAL RESULTS
9.1 INTRODUCTION.............................................................................................................1.7.0
9.2 FIRST AND SECOND SET OF MAIN SUBJECT TRIALS.........................................170
9.2.1 Results from first set of subject trials.............................................................. 1.7.0
9.2.2 Results from second set of subject trials......................................................... 1.80
IV
9.3 DISCUSSION OF RESULTS FROM SUBJECT TRIALS......................................... 189
9.3.1 Three electrode REF-001 system....................................................................1.8.9
9.3.2 Two-electrode REF-001 system..................................................................... 190
9.3.3 REF-002 system.............................................................................................. 1.9.1
9.3.4 REF-003 system.............................................................................................. 19.1
9.3.5 REF-004 system.............................................................................................. 1.92
9.3.6 Three electrode non-isolated Medelec system..................................................194
9.3.7 Two- electrode non-isolated Medelec system...................................................194
9.3.8 Three electrode REF-005 system..................................................................... 1.9.5
9.3.9 Two-electrode REF-005 system..................................................................... 1.95
9.3.10 REF-007 system.............................................................................................. 1.96
9.3.11 REF-008 system............................................................................................. 1.97
9.4 SUBJECT TRIALS UNDER DIFFERENT RECORDING CONDITIONS................1.97
9.4.1 Introduction...................................................................................................... 197
9.4.2 Results from measurement of the body coupling parameters.........................1.98
9.4.3 Results from trials using different recording conditions................................2Q2
9.4.4 Discussion of results....................................................................................... .2.0.9
9.5 SUMMARY OF RESULTS........................................................................................... 2.12
9.5.1 General EMG spectrum....................................................................................212
9.5.2 Effects from different referencing systems.....................................................213
9.5.3 Effects from using different recording conditions......................................... .2.1.6
9.6 CONCLUSIONS...................................................................................  217
Chapter 10 - INTERFERENCE MODEL AND COMPUTER 
SIMULATIONS
10.1 INTRODUCTION...........................................................................................................218
10.2 POWER-LINE INTERFERENCE MODEL................................................................. .21.8
10.3 VALUES FOR MODEL PARAMETERS......................................................................221
10.3.1 Body coupling parameters.............................................................................222
10.3.2 Internal body impedances.............................................................................. 223
10.3.3 Skin-electrode impedances............................................................................ 224
10.3.4 Lead coupling parameters..............................................................................224
10.3.5 Lead capacitances............................................................................................. 225
10.3.6 Stray capacitances from power-lines to cable shields......................................2.2.5
10.3.7 Preamplifier input impedances, R1-R2 and CMRR........................................ 226
10.3.8 Stray capacitances from power-lines to isolated common...............................2.26
10.3.9 Stray capacitance between isolated common and ground............................. 227
10.3.10 Isolation impedance........................................................................................227
10.4 SIMULATION OF INTERFERENCE MODEL............................................................ .227
10.4.1 HSPICE simulations...................................................................................... 221
10.4.2 Problem associated with initial simulations................................................... .22.9
10.5 RESULTS FROM HSPICE SIMULATIONS............................................................... 230
10.5.1 Introduction.....................................................................................................23.Q
10.5.2 Displacement currents in leads........................................................................23.Q
10.5.3 Displacement current in body......................................................................... .2.3.1
10.5.4 Discussion.......................................................................................................23.1
10.6 EFFECT OF PARAMETER CHANGES..................................................................... .23.3
10.6.1 Introduction.....................................................................................................233
10.6.2 Displacement currents in leads........................................................................2.34
10.6.3 Displacement current in body......................................................................... 242
10.7 DISCUSSION................................................................................................................. .24.9
10.8 CONCLUSIONS............................................................................................................. 252
Chapter 11 - COMPUTER SIMULATIONS OF REFERENCING  
SYSTEMS
11.1 INTRODUCTION..........................................................................................................253
11.2 SIMULATION OF EXPERIMENTAL PREAMPLIFIER...........................................253
11.2.1 Simulation circuit........................................................   .253
11.2.2 Characteristics of the simulated preamplifier................................................ 254
11.3 SIMULATIONS OF REFERENCING SYSTEMS..................................................... 259
11.4 ERRORS ASSOCIATED WITH THE SIMULATIONS............................................. 260
11.4.1 Failure in convergence at the d.c. operating point........................................ .26.0
11.4.2 Internal timestep too smaU errors...............................................   .26.0
11.5 RESULTS FROM SIMULATIONS............................................................................. 2.63
11.5.1 Interference from lead displacement currents............................................... .2.6.4
11.5.2 Interference from body displacement current............................................... .26.5
11.6 DISCUSSION............................................................................................................... .26.7
11.6.1 Displacement currents in the leads................................................................. 268
11.6.2 Displacement current in the body.................................................................. .27.0
11.7 CONCLUSIONS............................................................................................................272
VI
Chapter 12 - CONCLUSIONS AND RECOMMENDATIONS FOR 
FUTURE WORK
12.1 CONCLUSIONS............................................................................................................27.3
12.1.1 Preliminary work.............................................................................................27.4
12.1.2 Experimental analysis......................................................................................274
12.1.3 Computer simulations......................................................................................27.6
12.2 RECOMMENDATIONS FOR FUTURE WORK........................................................27.8
12.2.1 Experimental studies....................................................................................... .27.8
12.2.2 Computer simulations..................................................................................... .2.8.1
12.2.3 Extending work to d.c. studies...................................................................... .28.2
REFERENCES..................................................................................................... 286
LIST OF ADDRESSES OF FIRMS................................................. 3.03
APPENDICES
A INSTABILITY OF DRIVEN SHIELD CONFIGURATION....................................... 2.0.4
B ELECTRICAL SAFETY TEST MEASUREMENTS................................................... .2.0.7
C SUBJECT DETAILS FROM ASSESSMENT AND QUESTIONNAIRE...................208
D CONSTRUCTION OF THE HANNING DATA WINDOW....................................... 2.0.9
E RESULTS FROM PARAMETER CHANGES IN SPICE SIMULATIONS.............. 2.10
Vll
NOMENCLATURE
2e - two electrodes
3e - three electrodes
a.c. - alternating current
ADC - analog-to-digital converter
B - magnetic flux density
BASIC - Beginners All-purpose Symbolic Instruction Code, computer language
B.S. - British Standard
CAD - computer aided design
Cb - capacitive coupling between the power-lines and the subject
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Ci_3 . - shield capacitances of the electrode leads
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GONIO - potentiometer used as goniometer to measure elbow angle
HF - high frequency
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lb - displacement current induced into the body from the power-lines
IC - integrated circuit
Id displacement current induced into the electrode leads from the power- 
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iEMG - integrated EMG
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It - displacement current flowing between the two input electrodes
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LF - low frequency
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MUAP - motor unit action potential
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PCB - printed circuit board
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RFI - radio frequency interference
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Rs - resistance of isolation amplifier
S - area of induction loop
S(f) - power spectrum transform
SPICE - Simulation Program with Integrated Circuit Emphasis
SW - switch
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Vac - power-line voltage
Vb - common-mode potential on the body with respect to ground
VcM - common-mode potential on the body with respect to circuit common
Vi - isolation-mode potential
ViN - input voltage
Vn - interference voltage at the preamplifier inputs
Vqut - output voltage
Vs - static electricity induced voltage
CO - angular frequency, equal to 2%f
x(t) - continuous signal in the time domain
ZCM - common-mode input impedance of preamplifier
Z'cM - effective common-mode input impedance of preamplifier, with Zqm in
parallel with the shield capacitances 
Zdm - differential-mode input impedance of preamplifier
Zq - skin-electrode impedance of an input electrode
AZe - difference between Zei and Ze2
ZiN - input impedance
Zr - skin-electrode impedance of third electrode
Zs - impedance of the isolation amplifier
Zt - internal tissue impedance
Chapter 1 
INTRODUCTION
1.1 OBJECTIVES QF THE RESEARCH
When bioelectric potentials are measured from the skin surface several difficulties exist that 
can lead to erroneous measurements. Some of these difficulties, such as the large source 
impedance associated with the signal and the high levels of electrical interference, determine 
the design of the measurement system and in particular the preamplifier. One consideration 
associated with this is how the measured signal is referenced to the measurement system and 
to the source itself. This is referred to as the referencing system and typically a third electrode 
is connected either to isolated circuit common or to ground. Recently other systems have been 
proposed, such as the driven-right leg circuit, but there has been no quantitative study into 
these. This study aimed to analyse these referencing systems and had the following main 
objectives:
1. To undertake a qualitative analysis of the bioelectric referencing systems.
2 . To develop an experimental system to quantify referencing.
3 . To develop computer simulations of the referencing systems and correlate the results to 
those from the experimental work.
4. To use the results to improve measurements o f bioelectric potentials by assisting in the 
design of and!or the choice between different referencing systems.
1.2 BACKGROUND TO THE WORK
The study originates from a hypothesis to examine the application of d.c. skin potentials to 
quantify soft-tissue injuries and hence remove the subjective assessment often used in current 
clinical physiotherapy (Watson 1988).
D.C. skin potentials, which have been measured on humans (Foulds and Barker 1983), have 
been shown to have two distinct components. One is a result of the sudorific, or sweating, 
activity and this has been used primarily in psychological studies (Christie and Venables 
1972), since sweating is often initiated under stress or anxiety. The other component is 
independent of sweating and is believed to be a steady-state background potential influenced 
by the state of the underlying tissues (Christie 1976). This steady-state component is called 
the basal skin potential level and Watson proposed that its measurement, if made non- 
invasively from the skin surface, could be used as an objective indicator of the activity in 
subcutaneous soft-tissue injury and healing. This was based on the results from earlier work 
that used d.c. potentials to investigate tissue disorders; such as in bone fractures (Wilber 
1978), at skin wounds (Barnes 1945), in cancer tissue (Woodrough et al 1975) and more 
generally as an indicator of the physiological state of the body (Zatsepina et al 1980).
To investigate this proposal, a system was developed to measure the differential d.c. potential 
between two electrodes on the skin surface (Wood 1990, 1991). This was used in an 
extensive set of subject trials, using both non-injured and injured subjects, but the results from 
the initial trials raised the question of whether these measurements accurately reflected the true 
skin potential. The preamplifier section of the design was investigated and it was considered 
that the referencing system required a thorough investigation. From this it became apparent 
that the relevant information referred primarily to the measurement of other bioelectric signals, 
such as the electrocardiogram. This determined the decision that to investigate referencing in 
relation to d.c. signals, an initial study was needed to examine it more generally. Having done 
this it was anticipated that in future work the conclusions could be related back to d.c. 
measurement.
1.3 BIOELECTRIC POTENTIALS
The human body is composed of several different types of tissue. Examples are connective 
tissue, such as adipose tissue, being used to protect and support the the body and its organs, 
and muscular tissue, such as skeletal muscle, being responsible for movement. Each tissue is 
composed of a group of similar cells in a surrounding fluid, for which there are defined 
concentrations of constituent chemical ions; notably sodium, chlorine and potassium. Since 
the cell membrane is semipermeable, it is selective in which ions are allowed to pass through 
and which are restricted or rejected. This depends upon certain factors, such as the sizes of 
the ions and their respective electrical charges. As a result a concentration gradient is 
generated between the outside and the inside of the cell (Offner 1984), These are detected as a 
potential difference across the membrane and can be measured by using a microelectrode 
inserted into the cell which is referenced to another electrode in the extracellular fluid. In the 
steady-state condition a typical value for this so-called resting potential is -70mV, with the 
inside of the cell being more negative than the outside. However, following an injury these 
gradients and potentials could be disturbed. This was the basis of the above mentioned d.c. 
work.
In excitable tissue, such as nerve and muscle, the signal which is generally of interest is 
associated with faster dynamic changes in the concentration gradients. An example is the 
potential in response to a nerve stimulus which is termed the action potential. The resultant 
waveform thus reflects the changes in the permeability of the membrane to the different ions. 
Though the action potential is conventionally measured using microelectrodes, signals 
resulting from these processes can also be measured using needle electrodes or surface 
electrodes located on the skin. These measurements represent the contribution of several 
action potentials transmitted through the surrounding tissue, rather than a single action 
potential. Though experimental practicalities associated with needle and surface measurements 
pose some similar problems, for this work only signals measured from the skin surface have 
been considered because of ethical considerations.
As an indication of the characteristics of a general bioelectric potential measured from the skin 
surface, the typical values for the amplitude levels and frequency range of four common 
signals have been collated from Cohen (1986) and *Webster (1992), table 1,1.
Table 1.1 Characteristics of common bioelectric potentials
Bioelectric potential Amplitude levels Frequency range/Hz
Electromyogram (muscle activity) 50uV - 5mV 2 - 500
Electrocardiogram (heart activity) 50uV - 2mV * 0.05 - 100
Electroencephalogram (brain activity) 2uV - lOOmV d.c. -100
Electrooculogram (eye activity) lOuV - 5mV d.c -100
1.4 DIFFICULTIES IN MEASURING SURFACE POTRNTTALS
(a) Electrical properties of tissues
To measure the signals at the skin surface, the bioelectric potentials, which originate from 
subcutaneous tissue, need to traverse through intermediate surrounding tissues, such as 
adipose tissue and the skin layers. The specific electrical properties of these tissues result in 
both an attenuation and filtering of the signal; the extent of which is dependent on the subject 
and the body sites because of the variation in the electrical properties from the differing tissue 
thicknesses and compositions. In addition, there is also the volume conduction effect at the 
signal source which can result in dispersion of the signal thr ough the surrounding tissues, 
hence reducing the electrical signals traversing to the skin surface.
(b) Signal characteristics
At the skin surface there is an inherent high source impedance, primarily from the epidermis of 
the skin and the skin-electrode contacts. This can cause electrical loading of the signal, which 
is further complicated by the variation in the impedances because of the uniqueness of each 
electrode contact. Bioelectric potentials are also prone to interference from other functioning 
areas in the close vicinity of the recording electrodes; such as cross talk from other muscles on 
the electromyogram and muscle activity on the electrocardiogram.
(c) Skin-electrode interface
Surface electrodes are used as transducers in the measurement of bioelectric potentials. 
However, there is never an ideal electrical contact between the skin and electrode and several 
inherent problems arise because of the skin-electrode interface being composed of different 
charge carriers. This results in a d.c. potential, electrical noise and a relatively high 
impedance; all contributing to errors in the recorded signals. This effect is minimised by 
reducing the skin impedance by abrasion of the stratum corneum and using good quality 
silver-silver chloride electrodes.
(d) Noise, artefacts and interference
The measurement of bioelectric potentials from the body is susceptible to noise, artefacts and 
interference which originate from sources as a direct result of the measurement conditions or 
of the measurement system. Two possible sources have already been mentioned, i.e. cross­
talk and the skin-electrode interface noise. Others include amplifier noise, artefacts from 
movement of the input leads and interference from the surrounding power-lines.
To reduce the effect from many of these difficulties the preamplifier, used to measure the 
signal, needs to have a high input impedance and low noise. However, those from the 
sources of noise, artefacts and interference are considered to be influenced by the referencing 
system. This is because these are external to the body and hence their referencing point is 
different to that of the bioelectric signal. Therefore, an investigation into the extent of these 
effects on the different referencing systems was proposed.
1.5 PROPOSED WORK TO INVESTIGATE REFERENCING
Prior to any practical studies of the different referencing systems, there was a need to examine 
the potential sources of noise, artefacts and interference. These are discussed in chapter 2 
with equations developed to formulate the interference levels. Subsequently, the different 
published systems needed to be reviewed, particularly in relation to these interfering signals, 
and this is presented in chapter 3. However, this study is primarily qualitative.
A quantitative study was designed to improve the accuracy and interpretation of the results and 
hence increase the objective nature of comparisons. Since the concept of referencing is very 
much a practical consideration, designed to improve the measurement of these signals, this 
study was experimental. However, to confirm some of the results and conclusions from these 
experiments computer simulations of the different systems was also undertaken.
For the experimental work, a signal needed to be measured from the surface of the body for 
which parameters could be calculated to quantify the signal. These parameters needed to be 
repeatable for comparisons between the data to be made. It was decided that the 
electromyogram, or EMG, should be measured for the following reasons:
1. the signal characteristics and their reproducibility.
2. the relative ease of control and standardisation of muscle contractions.
3. ethical considerations.
4. the wealth of published work on these signals.
In chapter 4, the characteristics of the EMG are investigated, particularly in relation to the 
measurement of parameters from the time and frequency domains. The next two chapters 
discuss the design of the experimental system used to measure the EMGs using the different 
referencing systems; chapter 5 examining the instrumentation design including the 
preamplifiers and the electrical safety and chapter 6 examining the design of the experimental 
rig used to ensure consistent contractions. Details of the data acquisition and the procedures 
used to analyse the EMGs are presented in chapter 7.
The results from the experimental work are presented in chapters 8 and 9. In chapter 8 the 
reliability of using each of the identified signal parameters is investigated, in relation to 
whether the parameter is repeatable between tests, days and subjects. In addition, the effect 
from some of the experimental conditions are investigated. Chapter 9 presents and discusses 
the results from the main set of subject trials. These include an investigation into the effects 
from the different referencing systems under conditions which were considered to be typical in 
a clinical environment. Several subject trials were conducted to remove the variability in such
studies, before conclusions could be accurately drawn. Further to this, an assessment of the 
referencing systems was investigated when the EMGs were measured under extreme 
recording conditions, such as being in the close vicinity of mains powered equipment.
The computer simulations of the referencing systems are based on a model simulating the 
interference sources and the measurement system. For quantitative reasons and to reduce the 
simulation time, SPICE, a computer based circuit analysis package was used. From this, a 
comparative analysis of the different systems was conducted using both typical and non- 
typical parameter values, particularly in relation to interference levels. In chapter 10 this 
model is presented and the common referencing systems are investigated. This is extended in 
chapter 11 to simulate the more complex systems, as well as considering in detail the design of 
the preamplifier. The relative importance of the modelling work was that the parameters could 
be easily controlled to determine their individual effects and that the recording conditions 
which were measured during the experimental work could be simulated. This would result in 
increased comparisons between the experimental and computer analyses. The main 
conclusions from this work and the recommendations for further work are presented in 
chapter 12.
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Chapter 2 
NOÏSR. ARTEFACTS AND INTERFERENCE SIGNALS
2 .1  INTRODUCTION
The recording of bioelectric signals from the body is susceptible to noise, artefacts and 
interference; for example thermal noise, motion artefacts and power-line interference. These 
unwanted signals become superimposed on the bioelectric signal and may cause 
misinterpretation of the data. It is sometimes possible for the human eye to distinguish 
between these signals and the real bioelectric signal, but computer algorithms find this more 
difficult (Webster 1984). Therefore, since computers are used extensively in diagnostics it is 
important to minimise the effects of these signals. Filtering is often used, but this is not 
completely satisfactory because bioelectric signals may contain information at these 
frequencies, for example the EMG (Thusneyapan and Zahalak 1989) and the EEG (Spehlman 
1981) contains information at the 50Hz power-line frequency. Therefore, it is more desirable 
to reduce the signals at source.
From a discussion of the sources of noise, artefacts and interference which are present in 
typical recording environments, techniques used to reduce these have been identified. An 
additional technique is that of referencing the subject to the system, and for this work, the 
effect of different referencing systems on bioelectric measurements has been investigated. 
Therefore, the interference sources which may be directly influenced by the referencing 
system have been examined in more detail. In conclusion, a general interference equation has 
been developed for these sources.
2 .2  SOURCES OF NOISE. ARTEFACTS AND INTERFERENCE
2.2.1 Amplifier noise
Noise is generated in electronic devices because electric charges are discrete; the major kinds 
are thermal, shot and flicker noise (Wolbarsht and Spekreijse 1968, Bar-Lev 1984). Thermal 
or Johnson noise is caused by the random thermal agitation of electrons in resistive 
components, shot noise is associated with the non-equilibrium conditions in a semiconductor
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junction and flicker, or 1/f, noise is generated as a result from impurities in semiconductors, 
but considered not to be important above IkHz (King 1984). All can interfere with small 
bioelectric signals (Webster 1977, Marshall 1985), but are minimised by using low noise 
amplifiers and high quality components. From the input noise voltage density for a typical op- 
amp, the Precision Monolithics OP400G used in this work, section 5.3.1, approximate values 
for the input noise were calculated from the data sheet to be 8 l5nVRMS over the IHz to IkHz 
bandwidth and BOuVrms 50Hz ± 2Hz.
2.2.2 Electrode noise
Electrode noise arises from the charge carriers and electrode impurities and is predominantly in 
the low frequency region up to 6Hz (Kramer 1983). However, most commercial electrodes 
are silver-silver chloride which have a significantly lower noise level than other metals 
(Kramer 1983, Aronson and Geddes 1985). Noise is further reduced by using commercial 
disposable electrodes, because any errors in the re-chloriding procedure of non-disposable 
electrodes may cause impurities and hence increase the noise.
2.2.3 Pittiffisi.çal mm
When measuring bioelectric signals a common source of noise is from other functioning areas, 
such as EMG signals on the ECG, figure 2.1, or from biological movements, such as in 
respiration which may cause the modulation of external interference at lower frequencies or 
electrode movements.
Fig. 2.1 EMG noise on an ECG signal (from Webster 1979)
^ 1,— fO
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To reduce effects from biological noise electrode placement is important. EMG measurements 
are particularly susceptible to cross talk from adjacent muscle, but this can be minimised by a 
strict protocol, to minimise the contributions from other muscles and careful electrode 
placement
2.2.4 Electrode motion artefacts
Electrode motion artefacts are distinct to electrode noise; generated from movement of the 
subject's skin or electrodes which changes the charge distributions inherent in the electrode- 
gel-skin interfaces (Gatzke 1974, Haataja and Kalli 1985), figure 2.2.
Fig. 2.2 Motion artefact (and power-line interference) on an ECG signal
(from Friesen et al 1990)
It is a low frequency signal, less than IHz (Marshall 1985), with values as high as 0.2mVp,p 
(Haataja and Kalli 1985), and results in baseline swings and discontinuities causing saturation 
of the amplifier. It is reduced by skin abrasion (Tam and Webster 1977, Webster 1984, 
Haataja and Kalli 1985), using recessed electrodes to separate the electrode from the skin 
(Webster 1977, Haataja and Kalli 1985) and providing stress loops at the leads to reduce the 
pull at the electrodes (Thakor 1984). Experimental and modelling work by Zipp and Ahrens 
(1979) showed that it is also dependent upon the amplifier input stage, i.e. the input 
impedance and the input bias current, and when using dry electrodes they recommend FET 
amplifiers with values greater than IGO and less than 50pA respectively.
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2.2.5 Lead motion artefacts
Movement of the electrode leads causes the 50Hz interference, which is induced from the 
power-lines, to be modulated at a lower frequency, IHz to 50Hz, figure 2.3. This is because 
the movement results in changes to the capacitive coupling and hence the displacement current 
values (Apple and Burgess 1976, Haataja and Kalli 1985, Fujisawa et al 1990), but it it is 
very dependent on the motion.
Fig. 2,3 Lead motion artefacts on the surface ECG 
(from Hagemann et al 1985)
2 m V
Isec
Techniques to reduce these artefacts to minimal levels are to use shielded leads to provide a 
low impedance path external to the amplifier for any currents, to reduce the skin-electrode 
impedances by skin preparation and abrasion and to use followers at the electrode sites, i.e. 
active electrodes, to reduce the impedance seen by the lead (Gatzke 1974, Haataja and Kalli 
1985, Fujisawa et al 1990). For the results discussed above it is not explained how the leads 
are moved. For example, in stress tests the leads move freely, however to simulate this 
motion the investigator may have held the leads to move them. This may inadvertently change 
the electrical environment, because of the investigator's body capacitance and deformation of 
the shields from the investigator holding them. A better method is to move the leads with an 
insulated rod, because any field distortion is less significant than when the investigator holds 
the leads and the shields are not deformed.
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2.2.6 M agngtiç induction
A.C. magnetic fields induce potentials in any conductive loop according to the Maxwell- 
Faraday law of magnetic induction (Huhta and Webster 1973, Marshall 1985). For a 
bioelectric measurement system a loop inherently exists between the electrode leads and Huhta 
and Webster have formulated this interference, showing that the induced potential is 
proportional to the area and the orientation of the loop and the magnitude of the magnetic flux 
density, equation 2.1. When the orientation is configured to induce the maximum flux the 
peak induced potential equals that in equation 2.2. Figure 2.4 shows the effect of magnetic 
induction on an ECG signal ; a) without and b) with interference from magnetic induction.
Vn = O).S.B.cos0.cos9.sincot (2.1)
Vn = CO.S.B (2.2)
where co is the angular frequency, S is the area of the loop, B is the magnetic flux density and 
cos0.cos3 are the polar co-ordinates of the orientation of the loop.
Fig. 2.4 Effect of magnetic induction on an ECG
(from Huhta and Webster 1973) 
A
/ .
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To reduce this interference the magnetic flux density and the area of any loops must be 
minimised. The magnetic flux density is dependent upon the environment in which the signals 
are measured. For a hospital/university possible sources are from transformers, motors, fan 
motors for air conditioning and other equipment, solenoids, computer screens and current 
carrying power lines (Webster 1979). However, Marshall and Neilson (1984) report that the 
effects from power lines is small because of the balance of the currents in the live and neutral 
conductors which causes the two magnetic fields to effectively cancel. By avoiding taking 
measurements in the vicinity of power transformers, where the magnetic flux density can
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reach a few |JlT compared to the background level of lOOnT (Marshall and Neilson 1984), this 
interference can be minimised. Pallas-Areny and Colominas (1989) also measured a 
background field intensity between 5nT to 300nT. Shielding the individual leads is ineffective 
because the magnetic flux still enters any loop area (Huhta and Webster 1973, Apple and 
Burgess 1976, Webster 1979), and shielding the subject and room can be nearly impossible 
for practical reasons (Bramslev et al 1967, Ott 1988, Benda 1991).
The loop area is best minimised by either twisting together the two input electrode leads, or to 
run the leads parallel and together inside a cable (Webster 1984, Benda 1991). Twisted leads 
are preferable because the orientation continually changes along its length, so the area 
perpendicular to the field is averaged which further reduces the induced potential (Svetz and 
Duane 1975). Close to the body where the leads separate it is still important to maintain a 
small area and this is best achieved by either running the leads close to the skin or by taping 
them to the skin.
Interference from magnetic induction is often ignored because by minimising the loop areas 
and avoiding taking measurements near potential sources the interference can be reduced to a 
very low value (Apple and Burgess 1976, Marshall and Neilson 1984, Marshall 1985). For 
leads of length 50cm used in this work, they run together for 40cm where they separate to go 
to the electrodes which are spaced 4cm apart. Therefore, the loop area is of the order of 
20cm^, and using typical values for œ (100%) and B (lOOnT) an approximate value for the 
maximum interference is of the order of 60nV. Effects from magnetic induction into the loops 
between the input leads and the reference lead is minimal, because the leads run close together 
resulting in induced potentials common to both inputs which are reduced according to the 
preamplifier's common-mode rejection characteristics.
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2.2.7 Magnetic induction into ground loops
Ground loops are formed if the subject is grounded at more than one point or if the amplifier 
does not have a single ground. These are susceptible to magnetic interference and from 
currents flowing between two grounds at different potentials, but by ensuring that the subject 
is only grounded at one point and that the layout of the circuit common tracks in the amplifier 
are in a star shaped configuration these loops are not formed (Webster 1979, Marshall and 
Neilson 1984, Benda 1991). Though these are standard measurement and circuit layout 
design procedures, loops may be inherent in the system but these are minimal compared to the 
loops generated at the leads so the effects have been ignored.
2.2.8 Displacement currents Induced into the electrode leads
A varying electric field, for example from power lines and fluorescent lights, will capacitively 
couple displacement currents into the input leads (Huhta and Webster 1973, Winter and 
Webster 1983a, Marshall and Neilson 1984). Since 50Hz power-lines power most equipment 
and surround most rooms, this is the most significant and for this reason interference solely 
from this source was examined. Power-Line interference, induced into the leads and into the 
body, can be reduced by conducting measurements in a shielded room (Huhta and Webster 
1973, Crosby 1978, Hombach et al 1984), but this is economically impractical. Figure 2.5 
shows the effect of mains interference on the ECG signal.
Fig. 2.5 Mains interference on an ECG (from Thakor 1984)
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Huhta and Webster (1973) modelled these a.c. displacement currents, Idi and Id2 , in a three 
electrode system with the third electrode grounded, figure 2.6. Internal body impedances 
have been neglected because they are small compared to the skin-electrode impedances, thus 
the body is assumed to be equipotential.
Fig. 2.6 Model of displacement currents coupled to input leads
Idi
CdlIdi0 - 4 -Zel
Zdm
Ze2 Id2 ^' I -<■  i —o-
V I - V 2
where Zei and Ze2 are the input electrode impedances; Zr is the third electrode impedance; Idi, 
Id2 > Cdl and Cdi are the coupling parameters and ZcMl» Zcm2  and Zdm are the amplifier 
input impedances.
In the analysis Huhta and Webster assume that the differential and common-mode input 
impedances of the amplifier are very large, in comparison to the skin-electrode impedances, 
therefore the displacement current flows to ground through the electrodes. This generates an 
interfering differential voltage across the amplifier inputs, Vi - V2 , equation 2 .3 .
Vi = Zeildl + (Idi + Id2)Zr
V2 = Ze2ld2 + (Idi + Id2>Zr
V1 -V 2 = Zeildl - Ze2ld2 (2.3)
If the two input leads are the same length and close together the two displacement currents can 
be considered to be equal, Idi=Id2=Id, which results in equation 2.3 being simplified to IdAZe, 
where AZe is the skin-electrode impedance imbalance, Zei - Ze2 - This assumes that the 
displacement currents are equal over the entire lead length, even when the leads separate, and 
though this may introduce some difference this was not considered to be significant since the
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leads are still close together. The equation over-estimates the true interference because it 
assumes that no current is drawn by the amplifier. The validity of this depends upon the 
electrode impedances and the impedance of any isolation to ground. To reduce this 
interference the displacement current and the skin-electrode impedance imbalance need to be 
minimised.
Shielded leads are often used in measurement systems to reduce the displacement currents 
(Morrison 1986, Levkov et al 1984, Missulis 1989) and to minimise cross talk between the 
inputs (Bergveld 1968, Strickholm and Winston 1969). Results from Marshall and Neilson 
(1984) show that the reduction in the displacement currents for shielded leads, compared to 
unshielded leads, in a normal background field is approximately three orders of magnitude. 
This is because the shields are connected to circuit common which provides a low impedance 
path to ground. However, the use of shielded leads presents three problems which are often 
overlooked in the published literature. Firstly, for the shield to be truly effective it should run 
right up to the electrode site. However, in practice it is difficult to maintain an intact screen at 
the point where the cable attaches to the electrode which often leaves a few millimetres 
unshielded which may result in the displacement currents becoming much larger than 
expected. Secondly, to shield each individual lead up to the electrode site determines that 
twisted leads cannot be used because commercially available twisted leads do not offer this. 
Thirdly, shielded leads introduce a capacitance that is in parallel with the common-mode input 
impedance. This degrades the effective input impedance, and hence the common-mode 
rejection, of the amplifier (Guld et al 1970). To reduce the skin-electrode impedance 
imbalance the skin at both sites is prepared and abraded (Graham 1965, Webster 1979, 
Levkov et al 1984); from the order of lOOkO (Rosell et al 1988) to a few kO (Webster 1984).
2.2.9 Displacement current induced into the body
Capacitive coupling between the body and an electric field induces a displacement current into 
the body, the most significant being from the 50Hz power-lines, where the stray capacitance 
between the power-lines, Cb, induces a current, ly , into the body (Huhta and Webster 1973, 
Webster 1984, Marshall and Neilson 1984). Since the body surface is assumed to be
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equipotential for a.c. signals (Levkov 1982, Shimizu et al 1988), this raises its common-mode 
potential with respect to both ground and circuit common.
The ability of an amplifier to reject a common-mode signal is called its common-mode 
rejection. This is defined as the ratio of the amplitude of the common-mode potential to the 
amplitude of an equivalent differential signal that would produce the same output (Schoenfeld 
1970), but is often expressed as the ratio between the differential-mode gain to the common­
mode gain. For an ideal amplifier this is infinite, however, practicalities, i.e. non-linearities 
and mismatching in amplifier components (Winter and Webster 1983a, Missulis 1989), limit 
the common-mode rejection ratio, CMRR, to a finite value, typically lOOdB. This generates 
an interfering differential voltage, Vcm/CMRR, where Vcm is the common-mode potential on 
the body with respect to circuit common (Huhta and Webster 1973).
Interference from this non-ideal common-mode rejection is only part of the total interference. 
Huhta and Webster (1973) show that a portion of this common-mode potential is transformed 
into an interfering differential voltage from the imbalance in the amplifier input impedances 
and the skin-electrode impedances, figure 2.7.
Fig. 2.7 Potential divider effect of common-mode potential
Z e lC 3
V 1 -V 2
i i
V cm
2 0
For their system, with the subject grounded, the common-mode potential was determined by 
the product of the displacement current and the impedance of the ground electrode, lyZp. 
Generally, for other systems this term is replaced by the calculated VcM- The voltages at the 
amplifier inputs, i.e. Vi and V2 , are determined by the potential divider effect of the input 
impedances and the skin-electrode impedances on the common-mode potential, Vcm- Any 
imbalance between Zei and Ze2 , or between Zqmi and ZcM2 ? will attenuate the common­
mode voltage more at one of the inputs than at the other, thus generating a differential voltage, 
equation 2.4.
Vl-V2^VcM.(zc-gr^^  - ZcS^Zez) (2.4)
Thakor and Webster (1980) and Marshall and Neilson (1984) simplified this to equation 2.5 
by assuming that the two input impedances were equal, i.e. Zcmi = ZcM2 = ZcM, and that 
ZcM » Zel, Ze2 and AZe = Zg2 - Zei.
V ,-V 2  = V c m . ^  (2.5)
Though it is accepted that there is an imbalance between the skin-electrode impedances, 
Gatzke (1974) indicating an expected minimum of 10% to 20%, the assumption that Thakor 
and Webster make is not always valid. This is because shielded leads introduce capacitances 
in parallel with the common-mode input impedances which degrades the effective input 
impedance. This is realised by exchanging Zcm for the new revised input impedance, Z'cm> 
but since their matching is difficult this may result in the effective input impedances being 
imbalanced by up to 5%, even though they are more stable than the skin-electrode 
impedances. The total interference resulting from the common-mode body potential can be 
calculated from equation 2 .6 , which formulates the amplifiers ability to reject common-mode 
potentials and also to what extent the common-mode voltage is transformed into an interfering 
differential voltage.
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Vn = Vcm . ( c s k  + ( z 'c S î'^ Z e , - <2.6)
To reduce this interference the common-mode body potential must be minimised and the 
amplifier must have good characteristics (Webster 1979), i.e. a high CMRR and input 
impedance. The common-mode body potential is minimised by avoiding taking measurements 
in the close vicinity of power lines and mains equipment (Missulis 1989). Thakor and 
Webster (1980) calculate Vcm for different configurations based on the assumption that no 
displacement current flows through the amplifier inputs. However, Marshall and Neilson 
(1984) point out that although lb normally flows to ground through the stray capacitance from 
the subject to ground, Cg, any instrumentation attached to the patient provides it with an 
alternative path. Therefore, the analysis of interference from the common-mode potential 
relies on the impedances seen to ground through the body and through the instrumentation. 
Further, the increase in body potential, as a result of the displacement currents induced into the 
leads flowing to ground through the body, will be insignificant because these currents are 
about three orders of magnitude smaller than the currents induced into the body.
2.2.10 Displacement currents through the body tissues
Displacement currents, from the leads and the body, flowing through the body generate a 
differential voltage across the body tissues between the input electrodes (Winter and Webster 
1983a). Although it has been discussed by Pallâs-Areny (1988) that this interference could 
change depending upon the amplifier characteristics, the orientation of the body and the 
position of the electrodes, in relation to the direction of current flow, it is generally neglected 
because the internal body impedances are very small (Thakor and Webster 1980). It could 
also be argued that the body disperses much of the displacement current, so the current 
flowing dii'ectly between two electiodes is reduced. This is difficult to quantify but it is 
estimated that the actual interference is negligible. As an absolute maximum, all of the 
displacement current can be considered to flow between the two input electrodes and assuming 
an internal tissue impedance of lOOfl (Brown et al 1988), the resulting interfering differential 
voltage is lOjiV. Huhta and Webster (1973) report that for a three electrode system the
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position of the third electrode determines the path for displacement current and hence the 
proportion of current that flows between the input electrodes.
2.2.11
Radio-frequencies, in the range from lOkHz to lOOGHz, can cause interference (RFI) by 
cross talk from adjacent wires or by coupling from inside or outside the measurement room 
(Sitter 1978). Potential sources are mobile radios, radio and TV stations, switching of 
inductive loads, brush motors, diathermy equipment and electrosurgical units (Bramslev et al 
1967; Webster 1977, 1979, 1984; Marshall 1985). It is reduced by filtering because the 
frequencies are outside the bandwidth for common bioelectric signals (Marshall 1985, 
Westgaard 1988). However, the carrier signal can be modulated at biological frequencies, 
including 50Hz, so additional reduction techniques have been recommended (Webster 1977, 
1979, 1984; Sitter 1978). These include shielding the leads and system, but often this is 
economically impractical (Bramslev et al 1967), using twisted leads, layout of circuit tracks to 
avoid ground loops, decoupling and abrasion of the electrode sites..
2.2.12 Static electricity interference
Static voltages are generated on the body by friction from movement occurring in the vicinity 
of the subject; from clothing, lead insulation, nearby persons and furniture (Gordon 1975, 
Apple and Burgess 1976). It is a particular problem in stress tests or when there is a lot of 
personnel movement, for example in operating theatres, and in dry weather (Thakor and 
Webster 1980). It is a d.c. drift and can disrupt the baseline and cause saturation, figure 2.8.
Fig. 2.8 Static voltages on an ECG resulting in saturation
(from Thakor and Webster 1980)
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Gordon (1975) investigated static interference in a hospital and showed that it could be 
initiated from the nurse touching the patient or from the patient touching a grounded object, for 
example the bed. The problems usually appeared directly after electrode application and the 
severity of the interference was found to decrease with time. Tests showed that they were 
associated with bad electrode contacts because when problems arose the effects were always 
reduced by skin abrasion or by replacing the electrodes.
A model for representing the condition with a static char ge is shown in figure 2.9, where the 
two input arins have been combined and AZe is equal to the electrode impedance imbalance. A 
static char ge is stored in Cg and tliis charges and discharges depending upon the time constant 
of the product of this capacitance and the effective impedance of the system (Thakor and 
Webster 1980, Winter and Webster 1983a). For three electrode systems, SWl closed, the 
time constant is smaller because the lower impedance of the third electrode, which is 
effectively in parallel with the input impedance. Therefore, the static voltage, Vg, discharges 
quickly. C represents any isolation capacitance.
Power-line (240V/50Hz)
AZe
ZCM/2BODY
SWl
SW2
VS
[ GND
Fig. 2.9 Model representing static voltages 
(after Thakor and Webster 1980)
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T he static voltage appear s as a com m on-m ode voltage at the am plifier inputs because o f the 
potential divider effect, equation 2.7 , w here Z a m p  is the effec tive  im pedance through the 
preamplifier system; i.e. the input im pedances and electrode im pedance im balance in parallel 
with the third electr ode impedance.
I Vcm| = Vs>ZamP
(ZaMP)  ^ + coCgC
(2.7)
It is virtually eliminated when the subject is earthed (Galvan and Pallas-Areny 1982) and is 
usually ignored because it is more infrequent than compared to power line interference 
(Gordon 1975), Ways to reduce this interference are to reduce and balance the skin-electrode 
impedances, a low impedance third electrode and the use of shielded leads (Gatzke 1974).
2.2.13 Isolation-mode interference
Isolated amplifiers are used for subject safety to minimise the patient leakage currents. For 
these amplifiers the circuit common is not connected to ground and so the common-mode 
body potential with respect to ground is applied partly on the common-mode input impedance 
of the amplifier and partly on the isolation impedance (Winter and Webster 1983a, Pallâs- 
Areny 1986 and 1988). This potential divider network generates a common-mode and an 
isolation-mode potential, figure 2.10 (Pallâs-Areny 1986), where Zg is Cg and Rg in parallel.
Ib
BODY ^
i i
Vb Cg
Fig. 2.10 Isolation-mode potential
^ IMl Vr-MV i
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The isolation-mode potential, Vi, is the potential across the isolation barrier between the input 
and output common terminals, in this case circuit common and ground respectively. This 
potential induces an error at the output which behaves like an input-referred differential error 
signal and equals Vi/IMRR, where IMRR, typically of the order of 130dB, is the isolation­
mode rejection ratio of the isolation amplifier and defined as the ratio of the change in output 
voltage to a change in isolation barrier voltage. This interfering signal is from the limitation of 
the isolation-mode rejection of the isolation amplifier, in addition to the common-mode 
interference, and can be reduced by an adequate sharing between the common-mode and 
isolation-mode rejection of the system. Pallâs-Areny comments that the assumption made by 
Winter and Webster (1983a) that the isolation-mode potential causes no error is only true in 
their case because they analyse a telemetry system which does not have an isolation banier.
Isolated amplifiers used in measurement systems are one of two forms; either single-ended or 
differential. In the former the output of a differential amplifier feeds into the isolation stage, 
whereas in the latter the isolation stage is built into the differential amplifier, often following a 
high gain preamplifier stage. For both amplifiers the signal at the output, VouT> can be 
shown to equal that in equation 2 .8 .
VoUT =  A .(V in  +  Vn) +  (2 .8)
where Vpsr is the input,Vn is the interference at the input and A is the gain of the first stage. 
Therefore, for most biopotential amplifiers the isolation-mode interference is negligible 
because A is usually very high (Metting van Rijn et al 1991b). Therefore, any interference at 
the input from other sources, Vn, has already been amplified.
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2 .3  GENERAL INTERFERENCE EQUATION
A general inteiference model has been used to simulate the interference sources which 
are influenced by the the referencing system used, figure 2.11. A general equation for 
electrical interference is presented, equation 2,9, based on the published equations discussed 
above. In agreement with Huhta and Webster (1973) each source was assumed to be 
independent, so superposition has been assumed for the general interference equation. This 
model is developed in chapter 10 to include additional practical considerations.
Fig. 2.11 General inteiference model
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Amplifier and electrode noise are inherent in any measurement system, but can be reduced to 
minimal levels by using low noise op-amps and high quality components. Biological noise is 
a particular problem for some measurements, though for this study the choice of bioelectric 
signal and use of a strict protocol minimises such effects. This is also true for electrode and
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leads motion artefacts, by ensuring that the subject and leads remain stationary throughout the 
measurement. Interference from magnetic induction can be reduced to a negligible level by 
keeping the leads as close together as possible. Of these sources there has been no published 
work which indicates that any are influenced by the choice of referencing system. This is 
supported by this work which has examined their effects and reduction.
Interference from static electricity has been ignored because for this work the subject and 
nearby objects/persons remain stationary, thus minimising any static potentials, and since all 
measurements were viewed in real time, any static interference would be observed (Gordon 
1975). Radio-frequency interference is also ignored because it is not expected to be dependent 
upon the referencing systems used and measurements were carried out in a typical laboratory 
with no known sources in the close vicinity.
The sources remaining are all related to interference from displacement currents induced into 
the system as a result of the surrounding electric fields, the most dominant being from the 
power-lines. Levels for these currents are directly influenced by the environment and system 
characteristics, hence all are influenced by the referencing system used. As discussed in the 
next chapter some of the referencing systems have been specifically designed to reduce 
interference effects. Therefore, to investigate the different systems any simulations will 
require to include these sources of interference; displacement currents induced into the leads 
and body, displacement current through the tissues and isolation-mode interference. To 
analyse interference levels in the experimental and simulation studies values for the body 
coupling parameters, Cb, Cg and ly, needed to be measured.
2.4 MEASUREMENT OF BODY COUPLING PARAMETERS
Measurement techniques to evaluate these parameters were examined and results for different 
conditions were collated from the literature. Most use equipment that can be found in most 
laboratories, i.e. oscilloscopes and probes, measuring the voltage on the unloaded and loaded 
body. As in other published work, the term 'unloaded' is used to imply that an oscilloscope 
probe is connected to the body, such as a xl probe, whereas 'loaded' implies the use of an
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additional series impedance, such as in a x 10 probe. For general use the technique needs to be 
quick and simple using standard laboratory equipment, so from those examined one technique 
has been developed and described.
2.4.1 Measurement techniques
Forster (1974) equate Cy and Cg to a Thévenin series body capacitance, Ct, which is equal to 
the two summed. By using an oscilloscope and a shielded 500MGI probe, to prevent loading 
effects, two voltages are measured; one when the body is not connected to the load. C l, and 
the other when loaded with a known capacitance, figure 2 .12 .
VACCJ
GND
ICb
► Va
Fig. 2.12 Equivalent circuit of isolated body
(from Forster 1974)
Ct Va
VtO
GND
 I CL
By varying the load capacitance. C l, when the measured voltage equals half the unloaded 
voltage, Va, then Ct equals this load capacitance. Values for Cy and Cg are then calculated 
from equation 2 .1 0  for the unloaded condition and from the series body capacitance, Ct, 
equation 2 .1 1  respectively.
V t = VAC.Cy Cy + Cg
Cg — Ct - Cy
(2.10)
(2 .11)
Crump and Cosentino (1973) use an electrode on the subject which is returned to ground 
through a resistance. By varying the resistance and measuring the voltage across it a graph of 
the current through the resistance against the resistance is plotted. From selecting two points 
on this graph, for two pairs of resistance-current values R li-îi and R l2-Î2 , values for Cy and
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Cg are calculated using equations 2.12 and 2.13. The latter assumes that Cg is much greater 
than Cb, but some of their results invalidate this assumption.
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(2 . 12)
(2.13)
Huhta and Webster (1973) estimate Ib by touching the input of a grounded oscilloscope and 
measuring the voltage, Vcro? figure 2.13 with the switch closed.
Fig. 2.13 Measurement situation
240V/50HZ
Cb :  
I or lb
BODY
Probe
ZL
VI orV2ZIN
GND GND
Knowing its input impedance, Zjn, at the power line frequency, the displacement current is 
calculated from equation 2.14. This method is adopted by Gordon (1975), Thakor and 
Webster (1980), Marshall and Neilson (1984) and Pallâs-Areny and Colominas (1991), but 
assumes that the body is an equipotential surface.
Ib = VCROZiN (2.14)
Thakor and Webster (1980) extend this to determine Cb from equation 2.15, where Vac and 
f AC are the power-line peak voltage and frequency respectively, though this does assume that 
proportion of the power-line voltage appearing across Cg is negligible, i.e. Cb « Cg.
3 0
-  VAc &fAC
They then load the body using a very high impedance probe, but the value is not specified, 
and measure the voltage. From this a value for Cg is calculated, because lb can be considered 
to be unchanged and flow to ground solely through Cg.
Pallâs-Areny and Colominas (1989, 1991) use a grounded oscilloscope, or a spectium 
analyser, and a xlO probe to calculate values for Cb, Cg and ly. The voltage is measured 
when the body is unloaded and then when it is loaded; i.e. using a xl and a xlO oscilloscope 
probe with impedances of 1M£2 and lOMO respectively. Expressions for the two voltages are 
generated and using the ratio of these, r, an expression for the summation of Cb and Cg is 
obtained, equation 2.16, where Rin is the oscilloscope input resistance and Q  is the parallel 
combination of the probe cable and oscilloscope input capacitance. Ib and Cy are calculated 
from equations 2.14 and 2.15 and they claim that this technique is superior to others because it 
is simple and quick and uses one less assumption,
c . c ,Cg + C b -  I 0 ( i2 - n
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Published values for Cg, Cy and ly which have either been measured using the above
techniques or quoted in analyses have been included in table 2.1.
Table 2.1 Parameter values from published work
Reference Condition Cb/pF Cg/pF ly/nA fok')
Crump and Cosentino (1973)* (a) - Subject standing 0.8 1297 -
Lying on grounded bed 0.2 520 -
Lying on ungrounded 10.8 270 -
bed
Holding bed rail 201 3300 -
Forster (1974)* (b) -Subject lying down 108 112 -
47 53 -
70 110 -
12 208 -
15 315 -
9 211 -
Gordon (1975)* Patient on bed - - 50
Clinician shuffling feet - - 250
...and subiect touched - - 500
Huhta and Webster (1973)* (a) - Laboratory - - 100
Hold ins. power cable - - < lu
Marshall and Neilson (1984)* (b) - Hospital 1 100 50 - 200
/near mains cabling - - liA
Metting van Rijn et al (1991b) (c) - Normal 3 300 280
Near power lines 30 - -
No grounded obiects - 100 -
Pallâs-Areny (1988) (c) - Normal 1 >100 (150) 100
Pallâs-Areny and Colominas (1991)* (c) 0.26 - 5.2 120 - 520 25-500
Svetz and Duane (1975) ... 0.2 2 8Thakor and Webster (1980)* (a) . 2 200 100
Winter and Webster (1983a, b) (a) 2 200 100
* - values were measured (otherwise quoted)
(a), (b), (c) - 120V/60HZ, 240V/50Hz and 220V/50Hz respectively
2.4.2 Discussion of measurement techniques
All of these techniques measure the voltage on the loaded and unloaded body; with the loading 
being either capacitive (Forster 1974), resistive (Cmmp and Cosentino 1973) or an impedance 
(Huhta and Webster 1973, Thakor and Webster 1980, Pallâs-Areny and Colominas 1991). 
For the technique to be generally used requirements are that standard laboratory equipment 
should be used and the test, including the calculations, should be simple and quick. 
Therefore, it was decided to develop a technique using an oscilloscope and probe.
3 2
Huhta and Webster's technique to calculate ly is based on two assumptions:
1 . that the subject is not grounded through any other path, i.e. the only coupling to 
ground is through the oscilloscope and through Cg.
2. the reactance of Cg is much greater than the input impedance of the oscilloscope, i.e. ly 
flows to ground through the oscilloscope.
The first can be achieved by ensuring that the subject is not in contact with any persons or 
objects. However, it would be advantageous for any revised technique to be capable of 
measuring the overall Cg value, such as the coupling capacitance associated with a subject 
touching nearby furniture. The second is more difficult because it assumes a typical value for 
Cg before it has been calculated. Assuming that the reactance of Cg must be at least ten times 
as large as the impedance of the oscilloscope then Cg needs to be less than 320pF, for a typical 
oscilloscope with an input impedance of 1M(2. Cited values in table 2.1 show that typical 
values for Cg are of the order of 320pF, but it is not uncommon for Cg to exceed this. Thus, 
equation 2.16 needs to be revised to make it suitable for any condition.
For any analysis of interference the displacement current is required to be known when a 
preamplifier is connected, so for any technique the probe should have a similar impedance to 
that of a preamplifier, say lOOMQ. This may be achieved using a high impedance probe but 
this introduces a compromise between accuracy and using general equipment, for example a 
xlO probe. Since for most conditions Cy is much smaller than Cg, then ly is independent of 
the oscilloscope/probe input impedance and of Cg, therefore the x 10 probe was used. For 
these tests Pallâs-Areny and Colominas' (1991) technique has been adopted, but the equations 
were revised to enable the parameters to be evaluated for any condition, without using the 
assumption that Cg is much greater than Cy. Though the inherent 'inaccuracy' exists because 
the probe does not have a 1 0 0 M il impedance.
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2.4,3 Technique used and revised equations
A disposable ECG electiode is applied to a lightly abraded site on die subject's left forearm to 
ensure a good electrical contact and to minimise the dependency of the results on the integrity 
of the contact (Pallâs-Areny and Colominas 1991). An oscilloscope probe is connected to the 
electrode and the peak values for two voltages are measured on the oscilloscope - one with the 
body unloaded (i.e. Vj using a xl probe, switch closed) and the other with the body loaded 
(i.e. V2 using a xlO probe, switch open). The circuit usèd to analyse the measurement 
procedure is shown in figure 2.13. Characteristics of the equipment used are:
Grounded oscilloscope; Hitachi V-212 and cable capacitance of xl probe (40pF):
ZiN = 1 M a II 25pF + 40pF (980ka @ 50Hz);
Oscilloscope probe xlO: Z l = 9MO II 7.2pF (8 .8 MO (5) 50Hz)
The circuit has been analysed with the switch first closed and then open and equations for each 
of the measured voltages have been determined, 2.17 and 2.18 respectively. The phase shift 
introduced by Zin or by Z l at power-line frequencies has been calculated to be negligible, 
approx. - 1.2 °, so it has been assumed that they can be modelled as a resistance.
Vi  = ---------  (2.17)+jcüZiN(Cg + Cb)
V2 = X c  ---------- (2. IX)*C l+ jw Z iN (C g + Cb)
where Zin’ = ZiN + Zl
By defining the modulus of the two voltages as r, r = IV2/V 1I, and defining C j = Cy + Cg, a 
quadratic equation for C t is obtained and the positive solution is defined in equation 2.19.
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With the switch closed, assuming that the current drawn from the power line equals I, 
equations 2 .2 0  and 2 .2 1  results from the analysis, where Vac is the power-line peak voltage 
(i.e. 339Vpk, 240Vrms i" the U.K.).
1 = 2 ^  - (1 + jtoZiNCg) (2 ,2 0 )
V ac = 1 • {—  + -------^ 1 (2.21)IjcoCb (l+jcoZiNCg)J
With the switch open analysis of the circuit results in equations 2.22 and 2.23 It is assumed 
for this condition that the current drawn from the power-line equals ly, since it 'mimics' the 
input stage of a preamplifier. Ideally, Zl should be approximately lOOMa, but as explained 
this requires a purpose built probe.
Ib = ^ - ( l+ jw Z lN 'C g )  (2.22)
■ IjcoCb ( 1 +jwZ,N'Cg)''
By substituting 2.20 into 2.21 to cancel the term I, and taking the modulus an expression for 
Cy is obtained, equation 2.24.
Cy = ---- —----- . a/ 1 + (coZinCt)^ (2.24)
coZinVac
Knowing Ct a value for Cg can be calculated from Ct  = Cg + Cy above and then by 
substituting Cg into 2.22 and taking the modulus an expression for ly is obtained, equation 
2.25.
I Ibl = ^  . V 1 + (C0ZiN'Cg)2) (2.25)
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Results measured under different conditions have been tabulated in table 2.2.
Table 2.2. Parameter values using the revised equations
Conditions - in a standard laboratory Vi/mV
(pk)
V2/mV
(pk)
ly/nA
(pk)
Cg/pF Cb/pF
Electrode on left fore-arm
1 Equipment and lights off 50 32 51.4 395.2 0.5
60 42 61.5 334.9 0.6
60 50 61.3 216.9 0.6
50 40 51.1 245.6 0.5
2 Equipment off, lights on 70 60 71.5 196.3 0.7
50 40 51.1 245.6 0.5
60 50 61.3 216.9 0.6
70 50 71.7 321.4 0.7
50 40 51.1 245.6 0.5
3 Equipment on, lights off 45 33 46.1 304.2 0.4
4 Equipment and lights on 55 40 56.3 309.6 0.6
70 50 71.7 321.4 0.7
5 As (4) - away from scope 50 40 51.1 245.6 0.5
50 40 51.1 245.6 0.5
6 Grasping power cable 2400 1500 2384 388.7 23.2
2500 1700 2473 330.7 24.1
7 Touching metal bench frame 2300 875 2363 797.4 22.7
2400 900 2466 811.2 23.7
8 Touching wooden bench top 113 88 115.5 263.3 1.1
113 90 115.5 248.0 1.1
9 Touching scope chassis 3.5 0.5 5.0 3164 0.0
10 Standing on chair, near lights 100 75 102.3 288.7 1.0
11 Lying down on table 80 70 81.7 180.5 0.8
75 60 76.7 245.3 0.7
Electrode on right ankle
12 A s(l) 100 63 102.7 405.4 1.0
13 As (2) 50 40 51.1 245.6 0.5
14 As (7) 2250 1500 2235 346.4 21.7
15 As (8) 2000 900 2033 643.0 19.6
16 As (9)
Electrode on left fore-arm - shoes off
125 90 127.9 315.6 1.2
17 As (I) 60 25 62.7 731.0 0.6
18 As (7) 1750 750 1791 688.6 17.2
18 As (8) 2000 625 2106 1024 20.1
19 As (9) 125 50 130.9 769.1 1.2
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2.4.4 D iscu ssion
Approximate values were measured for the coupling parameters under 'normal' conditions, 
but there is some variation in the results, table 2.2. Approximate values for Cg, 250pF, agree 
with those from published work, but values for Ib and Cb are lower, 60nApk and 0.5pF 
respectively. This is probably due to a lesser extent of mains cabling in the laboratory. 
Typically Cg is larger than Cb by several orders of magnitude, because ground references are 
much more widespread than sources (Svetz and Duane 1975), and the results show that there 
is some interdependency between Ib and Cb, as indicated in equation 2.15, but not between 
these and Cg. Since from the equations the 'effective' coupling parameters are calculated then 
the equations are valid even if the subject is touching a nearby object, especially for the body- 
ground capacitance measurement. The technique assumes that the body is equipotential, since 
Cb and Cg are assumed to connect to the same point on the body.
Published work suggested a dependence of the parameters on the attitude of the subject, i.e. 
whether the subject is standing, seated or lying on a bed (PaUas-Areny and Colominas 1989), 
and the closeness of the subject to grounded objects and power-lines. The results from the 
tests described showed a marked increase if the subject stood on a chair near the light fittings 
and a slight increase if the subject lay on the table. Standing barefoot on the ground resulted 
in an approximate two fold increase in Cg, but ly and Cy remained unchanged because 
standing barefoot only changes the ground coupling. Estimating that there is an increase in the 
foot-to-ground distance of ten fold when shoes are worn and that shoes have a dielectric 
constant similar to PVC, of approximately 4.5 (Tennent 1979), then this may explain the 
increase in the capacitance. No significant change was observed if the overhead fluorescent 
lights or surrounding equipment were switched on.
Grasping an insulated power cable from an extension block resulted in no significant change 
to Cg, because the subject's position relative to ground was not changed. However, because 
of the closeness of a mains power-line there was a marked increase in ly and Cy, to 
approximately 2.3|iA and 20pF respectively. This results in a reduction of the Cg to Cy ratio 
from approximately 400 to 15, which further invalidates Pallâs-Areny's results which
3 7
assumed Cg to be much greater than Cy. These results agree with published work that 
indicated an increase in ly and Cy in the vicinity of power lines or mains transformers 
(Marshall and Neilson 1984, Pallâs-Areny and Colominas 1989, Metting van Rijn 1991b),
For some tests the parameters were measured when the subject was touching a piece of nearby 
furniture, i.e. the workbench which had a metal frame and a wooden top, with their right 
hand. This condition could occur in bioelectric recordings and the bench could act either as an 
aerial for interference pick-up or as a grounded object. When the subject touched the metal 
frame the values for ly and Cy were similar to those as if the subject was holding a power 
cable, which suggested that it acted as a pick-up source. However, the simultaneous marked 
increase in the overall Cg implied that the table frame was also providing a lower impedance 
path to ground. When the subject touched the wooden top then ly and Cy again increased, but 
only by two-fold and with no observed change to Cg. It is suggested that the wooden top is 
now acting as an insulator with no direct or indirect connection to ground which explains why 
Cg remained changed and the increase in ly and Cy may be because the subject is in closer 
proximity to a source, i.e. the metal frame.
Touching the oscilloscope chassis significantly increased the effective capacitance to ground, 
of the order of nano-Farads, which resulted in an equivalent impedance of the order of 500kQ 
at 50Hz. This could be considered to be equivalent to the contact impedance between the 
finger and the chassis metal, i.e. the impedance of a dry electrode contact. In addition, the 
coupling from the power-lines was reduced by approximately a factor of five. This indicated 
that the displacement current, ly, may be dependent upon the referencing configuration used 
and that the displacement current may be lower for a non-isolated than for an isolated system.
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2 .5  CONCLUSIONS
Sources of noise, artefacts and interference found in typical recording situations have been 
examined. Published techniques used to reduce the effects have been identified and where 
appropriate approximate values have been estimated. Though all may be important for the 
measurement system, for this work those which are directly influenced by the referencing 
system have been identified. From this a general interference model and equation has been 
proposed, based on already published work. For the analysis of these interference levels a 
technique was developed to measure the coupling parameters to the body under different 
electrical conditions, especially when the assumption that Cy « Cg is invalid. Typical results 
for 'normal' conditions are Ib: 60nApk (lOOnApk), Cb: 0.5pF (IpF) and Cg: 250pF (200pF), 
with those from published work shown in brackets. These values will be used directly in the 
experimental and simulation studies.
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Chapter 3
RTOFXECTRIC RRFERENCTNG SYSTEMS
3.1 INTRODUCTION
For bioelectric measurements it is important to reduce the effects from noise, artefacts and 
interference on the signal. This can be achieved by using signal processing techniques, such 
as filtering, but this can often reduce the information at the frequencies of interest in the 
bioelectric signal (Hagemann et al 1985, Ider and Koymen 1990). Therefore, techniques are 
used to reduce the interference at source, such as using shielded leads and ensuring a good 
skin-electrode contact, but an additional consideration is the design of the bioelectric amplifier.
Differential input amplifiers are commonly used in bioelectric measurement systems (Svetz 
and Duane 1975, Thakor and Webster 1980). This is because they measure the potential 
gradient between two points, rather than the absolute potential, since the current flow through 
the body does not take discrete paths. In addition, they reduce any common-mode signals, 
such as power-line interference. For most systems the amplifier is based on the three op-amp 
instrumentation amplifier (Mintz et al 1980, Fridlund et al 1982, Oberg 1982, Pallas-Areny 
and Webster 1990); in preference to the simpler one or two op-amp differential amplifiers, 
because of its high input impedance, high common-mode rejection ratio and relative ease of 
control of the gain-bandwidth response. Another consideration in the design of the 
preamplifier is the technique used to reference the subject and shields of the leads to the 
measurement system. This is designed to reduce the effects from displacement currents 
induced into the system and, in particular, to minimise the apparent common-mode potential 
on the body. The different referencing systems used in published measurement systems and 
implemented into the experimental preamplifiers are discussed.
3.2 INSTRUMENTATION AMPUIFIKR
The three op-amp instrumentation amplifier, figure 3.1, is composed of two stages. The first 
stage establishes a high input impedance and the second stage is a simple differential stage 
with a single-ended output. The two input op-amps, Ai and A%, are coupled to produce a
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high differential-mode gain and unity common-mode gain at the input stage, to improve the 
signal-to-noise ratio and minimise imbalances between Ai and A2 which would result in 
degradation of the CMRR (Kirsner 1976, Clayton and Newby 1992). Details of the circuit 
and a discussion of the characteristics can be found in standard reference books (Millman 
1979, Horowitz and Hill 1989, Coughlin and Driscoll 1991, Clayton and Newby 1992).
Fig. 3.1 Three op-amp instrumentation amplifier
VOUT
From circuit analysis, an expression for the differential gain, Gdm(s)» was determined, 
equation 3.1, where R3 equals R4 , R7 equals Rg, R9 equals Rio and R'5 is the parallel 
combination of R5 and R .^ C equals C]^ /2, since Cj equals C2 .
G d m (s) = V q u t (s)[e2 (s) - ei(s)]
I + sC . ( 2 R 3 + R's) 
1 + sC iR '5 • I f  (3.1)
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From this the pass-band gain has been approximated to equation 3.2, by assuming that at the 
frequencies in the pass band the capacitance was effectively shorted.
Pass-band gain = 1^ + ^  (3 2)
The low frequency -3dB point is determined by the capacitors, Ci and Ci, whereas the high 
frequency -3dB point is determined from the gain-bandwidth product of the op-amp (Mintz et 
al 1980). To preseiwe the balance between the inputs the capacitors are used in series with the 
coupling resistors, R5-R6 (Johnson et al 1977, Lovely and Scott 1986, Godin et al 1991). 
This is in preference to other a.c. coupling techniques, for example using capacitors in series 
with the inputs, which degrades the input impedance (Mintz et al 1980), or in series with R7 
and Rg, which may degrade the CMRR in the presence of component mismatch (Pallas-Areny 
and Webster 1990). From the above equations, the low frequency -3dB point can be 
determined, equation 3.3, where A is the pass-band gain of the overall amplifier and Ci equals 
C%.
fc(-3cB) = A  /  c
In some referencing systems an amplified version of the common-mode signal is used, such 
as in the driven-right leg circuit. A good approximation of this signal can be measured from 
either: (I) the input stage, i.e. centre tapping the coupling resistor R5-R6 , or (2 ) the common 
point of the two coupling resistors, Ra and Rg. The disadvantage of the first option is that 
accurate centre tapping of R5-R6 is difficult, so it is common for two additional resistors to be 
placed in parallel across the coupling section and take the common point of these (Godin et al 
1991, Fridlund et al 1982). However, these resistors interfere with the equations that 
determine the gain and the low frequency cut-off, so the second option is the most preferable. 
Ra and Rb do not significantly affect the frequency response of the amplifier.
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3.3 RRFERENCÏNO SYSTEMS
3.3.1 Two and three electrode systems
For bioelectric measurements, differential amplifiers tend to be used; defined as "instruments 
that can amplify signals developed in one zero-signal reference environment and present them 
in conditioned form to a second zero-signal reference environment" (Morrison 1986). Ideally 
the subject can be considered to be floating, i.e. with no connection made to the measurement 
system ground, and because the measurement is differential there should be no inherent 
problems. However, in a practical situation the body is not truly floating because of the 
capacitive coupling between the body and the power-lines and ground. Since the body’s zero- 
signal reference will assume a potential determined by stray capacitances, Morrison argues that 
it would be more reliable to define this point, rather than to let it find its own value. 
Therefore, some form of referencing may be needed between the subject and the measurement 
system. Conventionally this is achieved using a third electrode connected either to ground or 
to isolated circuit common, but there are other referencing systems that drive the electrode.
The decision of whether a third electrode needs to be used in the system is primarily based on 
the need to reduce the levels of electrical interference, but it is also inter-linked with 
minimising electrical safety hazards and attempting to reduce the electrode costs. As discussed 
in chapter 2 , a subject in an electrical environment is subjected to displacement currents 
induced from the power-lines and other sources and since these currents try and find the 
lowest impedance path to ground, the referencing system is an important consideration. A 
representation of a typical recording environment is shown in figure 2 .1 1 , with the amplifier 
housed in a shielded enclosure connected to circuit common, in accordance with the 
suggestions made by Morrison (1986) and Ott (1988).
When the switch SWl is open the system uses two electrodes only. Displacement currents 
induced from the power-lines, ly, Idl and Id2 , will therefore flow to ground either through the 
capacitive coupling between the subject and ground, Cg, or through the amplifier inputs, 
though for this route the shield capacitances provide an alternative path. A third electrode.
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SWl closed, connected to circuit common provides an alternative path which inherently has a 
low impedance (Fridlund et al 1982, Winter and Webster 1983a, Pallâs-Areny 1988), 
diverting currents away from the amplifier inputs (Morrison 1986). For the body 
displacement current, this results in a reduced common-mode potential, Vc Mj and 
approximate values have been calculated by Thakor and Webster (1980) to be Ib.ZcM/2 and 
Ib.Zr for two and three electrode systems respectively, assuming that the body displacement 
current flows into the amplifier inputs in two electrode systems and through the third electrode 
in three electrode systems. Therefore, using typical values for the skin-electrode impedance of 
lOkQ and an input impedance of lOOMQ, the third electrode reduces VcM> and hence the 
interference from the body displacement current, by approximately three orders of magnitude.
In the older three electrode systems, say pre-1980's, the third electrode, and hence the subject, 
was connected to ground (Graham 1965, Guld et al 1970, Huhta and Webster 1973, Johnson 
et al 1977). This is undesirable for safety reasons because of the risk of leakage current 
hazards from the low impedance path between the subject and ground (Holsinger and 
Kempner 1971, Svetz and Duane 1975), so the third electrode was sometimes omitted at the 
expense of the increased interference (Thakor and Webster 1980, Pallas-Areny 1988). In 
modern systems the safety risk has been minimised by using electrical isolation between 
circuit common and ground.
In addition to the induced displacement currents, d.c. bias currents for the amplifier inputs 
may also pose a problem. These currents bias the op-amp transistors for a particular quiescent 
point on the transistor characteristic curve to ensure linear operation (Millman 1979, Coughlin 
and Drsicoll 1991) and depend upon the type of op-amp input used; of the order of nano- 
Amperes for bipolar inputs and pico-Amperes for FET inputs (Horowitz and Hill 1989). 
They are a particular problem in d.c. measurements, but in a.c. applications they simply shift 
the quiescent operating point of the output voltage and only slightly restrict the magnitude of 
the peak voltage swing that can be provided (Frederiksen 1988). The problem can usually be 
neglected, provided that saturation of the amplifier does not occur, but a good design 
technique to minimise these errors is to provide a d.c. return path to ground (Morrison 1986,
4 4
Marshall and Neilson 1984, Ott 1988, Pallas-Areny 1988). This is provided by the low 
impedance of the third electrode in three electrode systems.
Since the body is reported to be equipotential for a.c. signals (Svetz and Duane 1975, Levkov 
1982), the position of the third electrode should not be critical. However, it has been 
suggested that it should be placed approximately equidistant and remote from the two input 
electrodes to reduce any impedance imbalances (Meikle and Copeland 1973). Remoteness 
also prevents the signal at the third electrode, which is acting as the reference to the two 
inputs, from being influenced by the bioelectric signal being measured (Morrison 1986). 
Typical positions used in bioelectric systems are at the nose for the EEC (Smith et al 1979, 
Mintz et al 1980), the right leg for the ECO (Pacela 1967, Oberg 1982) and the acromion 
process for the biceps EMC (Hogan and Mann 1980, Muro et al 1982), but these do not all 
satisfy the two criteria.
Though the electrode leads are conductors, they inherently have a resistance, however small. 
This may result in errors for systems which use very long leads from the subject to the main 
measurement system, because of the increased impedance for the third electrode lead. This 
may result in increased interference levels. To reduce this effect, it has been indicated that by 
buffering circuit common at the electrode site the low output impedance of the buffer reduces 
the effect of the lead resistance (Fujisawa et al 1990). However, buffering must be at the 
electrode site and not at the measurement system side of the long leads as Yamada et al (1988) 
do. However, it is expected that significant differences would only be observed if the lead 
was several metres in length.
3.3.2 Isolated and non isolated systems
When using grounded, or non-isolated systems, the risk to the subject from high leakage 
currents is increased. This can be minimised by using a high impedance isolation stage 
between the subject/system and ground (Holsinger and Kempner 1971, Foulke et al 1981, 
Winter and Webster 1983a, van Heuningen et al 1984), so isolated systems have become 
common in bioelectric measurement systems. Techniques to achieve isolation are by using a
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physical isolation barrier, for example an isolation amplifier (Harris and Matthews 1978, 
Somerville 1990) or an opto-coupler (Fridlund et al 1982, Qu et al 1986), or to have no 
physical connection between the system and ground, for example telemetry (Winter and 
Quanbury 1975, Muro et al 1982) or ambulatory techniques (Marshall and Neilson 1984, 
Marlow and Mackenzie 1989).
For systems which collect data in real time on a remote computer, an isolation stage with a 
physical barrier is often used. Signals are transmitted across the barrier either using capacitive 
or transformer coupled isolation amplifiers, or by using opto-couplers which detect modulated 
light patterns by photo-diodes at the output side. Opto-couplers are preferable because of the 
reduced electromagnetic interference (Foulke et al 1981) and the lower levels of current 
leakage (Holsinger and Kempner 1971), but they do have problems of linearity which need to 
be considered. Telemetry systems, which commonly use radio frequency transmission, tend 
not to be used because of their slow speed of transmission and the increased cost for a faster 
commercial system. Ambulatory systems are primarily used in studies to record bioelectric 
signals during everyday activities because they record directly onto a battery powered tape 
recorder which is carried by the user. They also result in increased isolation because since the 
system is carried by the user, the stray capacitance between circuit common and ground is 
significantly reduced.
In addition to increasing subject safety, isolated systems also reduce the common-mode 
potential, VcM> as a result of the potential divider effect between the isolation impedance and 
the amplifier input impedance (van Heuningen et al 1984, Somerville 1990, Benda 1991), 
section 2.2.13. Therefore, to reduce the common-mode potential and hence the interference 
the isolation impedance needs to be as high as possible. For isolation amplifiers and opto- 
couplers this is achieved by selecting the isolation capacitance to be very small, since its effect 
at the power-line frequency dominates the isolation impedance (van Heuningen et al 1984, 
Pallâs-Areny 1986 and 1988, Somerville 1990). In addition the isolation-mode rejection ratio, 
IMRR, must be very large (Pallas-Areny 1988, Metting van Rijn et al 1991b). For telemetry 
and ambulatory systems, since the only isolation is from the stray capacitive coupling between
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circuit common and ground, which is dependent upon the environment and the physical size 
and position of the amplifier, so steps should be taken to minimise these (Svetz and Duane 
1975, Winter and Webster 1983a, Marshall and Neilson 1984, Metting van Rijn et al 1991b). 
For conditions when VcM is small, the advantages from using an isolated system may enable 
the use of just two electrodes, since any further advantage from a third electrode may be 
relatively insignificant.
3.3.3 Driven-right leg circuit design
For conventional three electrode systems any increase in the contact impedance of the third
electrode results in increased levels of interference. The driven-right leg circuit, figure 3.2,
compensates for this by reducing the effective impedance at the third electrode by driving a
small amount of current into the body (Neuman 1978, Winter and Webster 1983b). In
addition, the circuit maintains a level of patient protection by allowing only a safe amount of
current to flow through the third electrode, which was the reason for it being designed for
non-isolated ECG systems which had a safety risk from leakage currents. Input stages land 
2 are from amplifiers Aj and in figure 3.1.
Fig. 3.2 Driven-right leg circuit design
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An approximation of the common-mode signal at the inputs is measured using the coupling 
resistors, Ra and Rb, assuming that (ej + 02) is approximately equal to 2.Vcm* This signal is 
amplified and inverted, using the driving amplifier A4 , before being applied to the third 
electrode which is often connected to the right leg in ECG systems (Winter and Webster 
1983b, Smit et al 1987). Ro is used as a current limiter for the circuit. The skin-electrode 
impedance of the third electrode is defined as Zf. By expressing the common-mode potential, 
VcM» as equal to the product of the current through the third electrode and the effective 
impedance of the third electrode, Req, Winter and Webster (1983b) have shown that the 
driven-right leg system reduces the effective impedance of the third electrode. With the 
switch, SWl, in the lower position the effective impedance of the third electrode was reduced 
by a factor of (G + 1), where G is the gain of the driving amplifier, i.e. 2Rf/Ra- The 
reduction factor approximates to G in most cases because G is much greater than 1. As a 
result the interference from the displacement current induced into the body is minimised 
(Winter and Webster 1983b, Somerville 1990).
Req =  (3.4)
If SWl is switched to the upper position, to limit the current through the third electrode by 
including Rq, then the effective impedance is now determined from equation 3.5.
“  G  ^  1
48
A potential problem with tlie driven-right leg circuit is instability. This arises from the closed 
loop components introducing a phase shift of -180°, figure 3.3.
Fig. 3.3 Driven-right leg feedback loop 
(from Metting van Rijn et al 1990)
Body
The closed loop components are the two R-C circuits, since the impedances can be considered 
to be resistances, associated with the third electrode resistance and the body-ground 
capacitance and the input electrode resistance and the capacitances of the leads, and the poles 
introduced by the input op-amps and the driving op-amp, -D(s), (Winter and Webster 1983b, 
Metting van Rijn et al 1990 and 1991a). It has been shown by these authors that a high gain at 
the driving amplifier increases the risk of instability. A solution to prevent this was to 
intr oduce compensation into the circuit. However, since there was a level of variability in the 
body-ground capacitance and the electrode impedances, the compensation needed to be 
capable of coping with less well defined poles, so lag compensation was used. This replaced 
the feedback resistor, Rp, with a capacitor; thus using an integrator as the driving amplifier to 
maintain a high gain, but eliminating d.c. signals and inuoducing a phase shift that prevented 
instability (Winter and Webster 1983b, Metting van Rijn et al 1990).
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3.3.4 Configuration of input Head shields
To reduce the displacement currents induced into the input leads one practical solution is to 
shield the leads (Huhta and Webster 1973, Gatzke 1974, Ider and Koymen 1990), though the 
shield capacitances may affect the characteristics of the measurement system. Two types of 
shielding have been used; connecting the shields to circuit common and driving the shields 
with a common-mode signal from the inputs. These are discussed below.
(a) Shields connected to circuit common.
Connecting the shields to circuit common is the commonest shielding technique used in 
bioelectric measurement systems. However, as discussed in section 2.2.8, the high 
capacitance of the leads, in comparison to the input capacitance of the amplifier (Somerville 
1990), introduces additional problems. These are the reduction of the effective input 
impedance of the system and the increased risk of imbalance between the inputs, since the 
leads are unlikely to be identically matched (Svetz and Duane 1975, Foulke et al 1981, 
Fridlund et al 1982), both of which can result in an increased interference (Metting van Rijn et 
al 1990). The alternative technique of driving the shields was designed to minimise these 
problems.
(b) Driven input shields.
The negative effects from the shield capacitances can be reduced by driving the shield of each 
input lead in-phase with the signal at the inner core (Fridlund et al 1982, Morrison 1986, 
Horowitz and Hill 1989, Lozano et al 1990). This technique is known as guarding and uses 
op-amps, configured as followers, to drive the shields with a low impedance version of the 
signal. This minimises the potential difference and hence the capacitance between the shield 
and the inner core, resulting in an increased reduction of interference, cross talk and leakage 
(van Heuningen et al 1984, Bruijs et al 1991). Conventional guarding uses an extra op-amp 
for each input, figure 3.4.
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Fig. 3.4 Guarding of input shields
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However, an alternative version to remove the need to use an op-amp for each input, but still 
maintaining the advantages of guarding, is to drive all shields with a common-mode signal 
from the inputs using a single op-amp (Huhta and Webster 1973). A good approximation of 
the common-mode signal is measured from the outputs of the input stage of the 
instrumentation amplifier, section 3.3.3. Guarding results in a positive feedback circuit, 
which therefore needed to be assessed for stability, appendix A - based on the work by 
Metting van Rijn et al (1990). From circuit analysis, by considering just one of the input op- 
amps, the closed loop transfer response, H(s), of the guarding circuit can be determined from 
equation 3.6.
"  1 +  {1 - G ( s ) ) . s C i R e
The instability was determined by calculating the poles of H(s) and ensuring that they lie in the 
left-hand side of the complex s-plane. From the analysis, for stability to occur the gain of the 
driving amplifier has been shown to need to be less than unity. Therefore, an attenuator 
circuit at the output of the driving amplifier, 100^ and lOkO, was recommended by Metting 
van Rijn et al to attenuate the output by a gain of 0.99, which still maintains a near zero 
potential difference between the inner core and the shield, figure 3 .5 .
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Fig. 3.5 Guarding system with attenuator circuit
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The advantages from using driven shields are only for common-mode signals, because the 
shield is driven at the common-mode potential on the inner core. For differential-mode signals 
the potential difference between the shield and the inner core is not reduced by guarding so the 
input capacitance is the same as if the shields were connected to circuit common. Therefore, 
the problems of reduced input impedances from using shielded leads still exist. Therefore, 
though shielded leads are recommended, it is considered that for short leads, say below 30cm, 
it is better not to use driven shields (Guld et al 1970, Huhta and Webster 1973).
3.3.5 Driving the body at the common-mode signal
A modified version which has been developed from the ideas of the driven-right leg and from 
driven shields is to drive the body at the common-mode potential. Though this configuration 
has not been used in any published systems that have been examined, and hence no 
measurements or analysis is available, an investigation of its characteristics may help to 
explain some of the other systems. It simply connects the common-mode point to the third 
electrode using a voltage follower, with no amplification or inversion of the signal. However, 
since the feedback loop is positive, the configuration may result In an increased common-
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mode potential on the body and the possible introduction of saturation, as the body is driven to 
an ever increasing potential.
3.4 D ISC U SSIO N
Discussion of the different referencing systems is based around the configuration of the input 
shields and how the subject is referenced to the measurement system. Both of these have been 
shown to reduce the levels of electrical interference and though both can be considered to be 
separate, for practical systems they are used in conjunction with one another.
Shielded input leads are used to reduce the interference from lead displacement currents, but 
for body displacement currents, the shielding presents a potential problem because of the 
associated capacitance. These capacitances can reduce the effective input impedance and cause 
imbalances at the inputs. Though for earlier systems, with smaller input impedances and 
inherent input imbalances, these factors were less important, for systems using modern op- 
amps the advantages of their high input impedances and good common-mode rejection are 
often compromised and the distinction between the advantages from using shielded leads, 
compared to the disadvantages, is not so clear. Therefore, this problem was counteracted by 
driving the shields at the common-mode signal on the inner core. However, this assumes that 
the common-mode signal is much greater than the sum of the non-common-mode signals at 
the inputs. The technique of attenuating the common-mode signal, before it drives the shields, 
reduces the potential problem from instability and so this configuration appears to be the 
optimal solution to reduce the effects from electrical interference sources.
Referencing the subject to the measurement system is more controversial than referencing the 
shields, because of the concept of measuring a differential signal and the determination of 
whether this signal needs to be referenced to both the source and to the system. Ideally, a 
differential amplifier, by its definition, is an instrument that amplifies signals developed in one 
zero-signal reference environment and presents them in conditioned form to a second zero- 
signal reference environment (Morrison 1986). For most measurement systems, this second 
zero-signal reference is circuit common, which is also ground if the system is non-isolated.
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but the first zero-signal reference is floating and therefore unstable. The purpose of using a 
thhd electrode connected to circuit common is to tie tlie first reference to a more stable value, 
rather than the only connection being through tlie stray capacitive coupling between the subject 
and the power-lines and ground.
Interference from the body displacement current is dependent upon the level of the common­
mode potential of the body with respect to the second zero-signal reference. For two electiode 
systems this is dependent upon the amplifier inputs, but by using three electrodes the third 
electrode provides a lower impedance path which can result in reduced common-mode 
potentials and hence interference levels. The position of this third electrode determines the 
current path through the body, therefore to try and equalise the paths for each input electrode it 
has been suggested that the third electrode is placed remote and equidistant from the input 
electrodes. Not meeting these criteria may result in input imbalances and hence different levels 
for the interference, possibly reducing the advantages of using a third electrode.
Isolated systems were used to increase subject safety from the possible risk from leakage 
currents, whilst still maintaining the third electrode with the associated advantages. In 
addition, the isolation may also assist in reducing the levels of interference, since any 
common-mode potential on the body is divided between the input impedance of the 
preamplifier and the isolation impedance. Typical isolation stages are telemetry and 
ambulatory techniques, opto-couplers and isolation amplifiers; and the selection between these 
four may determine the requirement of whether a third electrode is needed, especially for 
ambulatory techniques, with no degradation to the results. For the systems described, with 
the third electrode connected to circuit common, if the lead is excessively long then circuit 
common may be buffered before connection. However, for most practical systems this 
technique does not need to be considered further.
From the arguments given, the advantages from using a third electrode seem to outweigh any 
disadvantages. However, for conditions when there is a poor third electrode contact, or 
where the electrode has lifted off from the surface, the impedance of the third electrode
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markedly increases, resulting in increased interference levels. This dependency on the 
electrode contact can be reduced by driving the third electrode at an amplified and inverted 
version of the common-mode signal, the so-called driven-right leg circuit. This reduces the 
impedance by a factor approximate to the gain of the driving amplifier, but as for the driven 
shields the resultant feedback may cause instability. This can be minimised by using an 
integrator circuit, in the driving amplifier, to introduce additional phase shift to prevent 
instability from high gains. Driving the body at its own common-mode signal is not a 
recognised referencing technique, but as discussed its results may explain some of the results 
from other systems. Potential problems associated with it are instability, from the ever- 
increasing body potential and its effect on the interference levels.
Of the referencing systems considered, the system resulting in superiority appears to be the 
driven-right leg circuit with driven shields for the input leads. However, published 
measurement systems tend to still use the conventional three electrode system, with the third 
electrode and shields connected to isolated circuit common. This may be because the other 
referencing systems have been designed to compensate for effects resulting from more severe 
recording conditions, such as poor electrode contacts, whereas for a typical condition the 
advantages are insignificant. A disadvantage of these more complex systems is the increased 
component count for the preamplifiers and hence increased power consumption, requiring an 
extra op-amp to drive the shields and another in the driven-right leg circuit. This may result in 
a significant increase in the size of the boards on which the preamplifiers are mounted.
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The referencing systems that need further examination are given in the list below, but in 
measurement systems these are inherently used in conjunction with each other, for example
the driven-right leg system must be either be isolated or non-isolated. This is taken into
account in the experimental preamplifier designs and in the simulations.
1. Two and three electrode, non-isolated systems.
2. Two and three electrode, isolated systems.
3. Three electrode system; with circuit common buffered before connection to the body.
4. Driven-right leg system; with resistive and capacitive feedback.
5. Three electrode system; with the common-mode signal being fed back to the body via a
buffer.
6 . Systems with shields connected to circuit common.
7. Systems with driven shields.
3.5 CONCLUSIONS
Bioelectric amplifiers use the three op-amp instrumentation amplifier to meet the specification 
required for measuring from the skin surface. To further reduce the levels of electrical 
interference, different referencing systems have been developed. These have been discussed, 
and in conclusion, the driven-right leg circuit with driven shields appears to give the best 
results for interference reduction. However, the advantages from using a more complex 
system may not be significant for a typical recording condition and introduce additional 
disadvantages, such as an increased board size. In measurement systems these referencing 
techniques are inherently used in conjunction with each other, for example the driven-right leg 
system must be either be isolated or non-isolated.
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Chapter 4
CHARACTERISTICS OF THE EMG SIGNAL
4.1 INTRODUCTION
To investigate the effects of different referencing systems a repeatable and reliable bioelecti ic 
signal was needed. From this a number of characteristics needed to be determined to quantify 
the signal and hence the referencing systems. From the different bioelectric signals, it was 
decided that the EMG should be measured for the reasons shown in section 1.5. Further to 
this surface EMGs were measured, in preference to needle measurements, because of ethical 
considerations and recordings were from biceps brachii.
Results from published EMG studies have been examined and the parameters which have been 
used to quantify the signals and as clinically useful indicators have been identified. A brief 
discussion of how these relate to muscle contraction and muscle physiology is also presented. 
For this work these par ameters are used to quantify the signal for direct comparisons between 
different referencing systems and have been measured from both the time and frequency 
domains. It has been suggested that for surface measurements the most reliable and accurate 
estimates of the signal are from amplitude based or spectral measurements, because the 
surface EMG is a summation of the electrical activity from individual fibres and at the 
surface time based parameters can be difficult to distinguish.
4.2 THE RLRCTROMYOGRAIVI
4.2.1 Muscle contraction
For a skeletal muscle to contract, such as the biceps brachii contracting to flex the foreaiin at 
the elbow joint, a stimulus must be applied to it and in normal muscle this is delivered by a 
motor neuron (Williams and Warwick 1980). As each motor neuron enters the muscle it 
branches into axon terminals, each one terminating at a single muscle fibre. The junction 
between the axon terminal and the muscle fibre is referred to as the neuromuscular junction or 
motor end plate and these tend to be grouped together in regions called inneiwation zones. For 
biceps brachii these zones ar e found to lie in the middle third of the muscle (Masuda et al 1983
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and 1985). The motor neuron together with all the muscle fibres it stimulates is referred to as 
a motor unit, figure 4.1.
Fig. 4.1 Motor unit (from Basmajian 1979)
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When a motor neuron is stimulated it results in a contraction of all the muscle fibres which it 
innervates. Therefore, a muscle fibre is either fully contracted or fully relaxed, a principle 
referred to as the 'all-or-none' principle. However, for a single muscle there needs to be 
different levels of contraction to respond to different needs, so the muscle contraction is 
graded depending on which motor units have been activated and which are relaxed. This 
activation is asynchronous, which means that while some motor units are active, others are 
inactive, and this activation between motor units is alternated to ensure that contractions are 
smooth and that fatigue time is maximised. The activation of further motor units is controlled 
by a process called recruitment and the muscle contraction is dependent on the temporal 
summation, i.e. the rate of motor unit firing, and the spatial summation, i.e. the number of 
different motor units firing, of motor unit action potentials (Bouisset 1973, Orizio et al 1989, 
Caldwell et al 1993). These three processes - recruitment and temporal and spatial summation
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- are all increased to increase the force of a muscle. It is also dependent on the size of the 
motor unit, which is dependent upon its muscle fibre type.
Skeletal muscles are predominantly composed of three different fibre types - type I, Da and Hb
- and are classed according to their size, speed and fatiguability, as in table 4.1.
Table 4.1 Types of muscle fibres (from Kimura 1983)
Type I Type Ila Type lib
Twitch and fatigue characteristics Slow Fast resistant Fast fatiguable
Resistance to fatigue high high low
Twitch speed low _ high high
Twitch tension low high high
Size of motor unit small large large
Threshold for recruitment low high high
Firing frequency low high high
Though motor units are composed of one particular fibre type the proportion of each in each 
muscle is dependent upon the requirements of the muscle, such as in biceps brachii there is a 
high proportion of type Ilb because this muscle is used intermittently and to exert large forces. 
Since these fibres, and hence the motor units, are different this influences the process of 
recruitment. For low forces type I are recruited, but as the tension increases then there is a 
shift towards the recruitment of type Ila. Type lib are recruited predominantly in maximum 
contractions (Kimura 1983).
Since different muscles are used to control different movements, the individual muscles have a 
different number of muscle fibres associated with a single motor unit. For example, muscles 
which require precise control and less force, such as the eye muscles, have fewer than ten 
muscle fibres to each motor unit, but muscles which result in gross movements and require 
large force outputs, such as biceps brachii, may have several hundred muscle fibres in each 
motor unit (Perry and Bekey 1981).
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Muscle contractions are broadly divided into two types - isometric and isotonic, with the 
isotonic contractions further sub-divided into concentric and eccentric contractions. In an 
isometric contraction, there is a minimal shortening of the muscle, such as if the arm statically 
supports a load at the wrist. In an isotonic contraction, the muscle length does change and a 
movement is produced. If the muscle shortens during the contraction, then it is a concentric 
isotonic contraction, whereas if it increases in length then it is an eccentric contraction. For 
this work an isometric contraction was chosen because of the need for reproducibility of the 
contraction, since for isotonic contractions the velocity of contraction would also have to be 
measured.
4.2.2 The electromyogram
Though the muscle fibre is activated from an electrical nerve impulse which is transmitted 
along the motor neuron, the actual process of contraction is controlled by a chemical 
neurotransmitter called acetylcholine which is released at the neuromuscular junction. This 
initiates an electrical impulse, or depolarisation of the muscle fibre, that spreads across the 
surface of the muscle fibre towards both ends. This signal is referred to as the motor unit 
action potential, MUAP, and has predominantly either a biphasic or a triphasic waveform with 
an amplitude ranging from 500|aV to 3000|iV and a duration of 3ms to 15ms (Sims 1983). 
An example of a MUAP is shown in figure 4.2.
Fig. 4.2 Motor unit action potential (from Lenman and Ritchie 1977)
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If a number of motor units are activated then there results an electrical pattern, resulting from 
the temporal and spatial summation of the MUAPs. This reflects the electrical activity of the 
muscle contraction and is referred to as the electromyogram or EMG (Basmajian 1979, Perry 
and Bekey 1981), though strictly the term EMG refers to the recording and study of this 
electrical activity (Kimura 1983).
EMG signals are either measured using needle or surface electrodes depending on the 
application (Perry and Bekey 1981). Needle electrodes have the advantage that the specificity 
of measurement is increased, since they can be used to measure the signal from a single 
muscle, motor unit or muscle fibre. Whereas, surface electrodes measure the result from a 
summation of many MUAPs from a substantial volume of muscle tissue (Miyano and 
Sadoyama 1979, Bhullar et al 1990, Preece et al 1989), so are used for less specific 
measurements, such as from a single muscle or from a muscle group. The advantages of 
surface electrodes are primarily that they are non-invasive, which makes them more acceptable 
to subjects and removes the necessity for medical input, and that it is relatively easy to define 
the surface electrode sites and reproduce them in a test.
The recording of EMG signals is dependent upon a phenomenon called volume conduction 
which describes the spread of the current from the signal source, throughout the medium 
which surrounds the muscle fibre, and how this influences the recorded signal (Geddes and 
Baker 1967, Plonsey 1977, Oostendorp and van Oosterom 1989, Dumitru and De Lisa 1991); 
such as the reduction in amplitude and the alterations to the signal shape. For surface 
measurements this is influenced by the many layers of body tissues through which the 
MUAPs need to traverse; including additional muscle tissue, fatty tissue and the skin, in 
addition to the surrounding tissue fluids. These can amount to a substantial volume with 
marked effects on the recordings and measurements of the electrical properties of these tissues 
show that they result in low pass filtering effects (Schwan 1963, Geddes and Baker 1967, 
Gielen et al 1984, Caldwell et al 1993). For surface electrodes it has been shown that most of 
the energy in the recorded signal is derived from fibres which are within the depth of a 
distance which is 40% of the inter-electrode spacing (Lynn et al 1978).
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4.3 CHARACTERISATION OF THE RMG SIGNAL
Characteristics of the EMG signal have been used in the clinical diagnosis of neuromuscular 
disorders, such as muscular dystrophy and myasthenia gravis (Buchthal 1962, Berzuini et al 
1982, Dorfman and McGill 1988, Izzo and Aravabhumi 1990). Conventionally these 
characteristics have been from measurements using needle electrodes, in particular the MUAP, 
using signal parameters such as the number of turns, the phasic nature, slope gradients and 
zero crossings (McGill et ai 1985, Roberts and Farrer 1985). However, since needle 
electrodes are undesirable for this work, for subject safety and ethical considerations, 
characteristics of the surface EMG were considered.
Since the surface EMG is the superposition of many MUAPs its characteristics cannot be 
directly related to the properties of the constituent MUAPs (Bhullar et al 1990). Techniques to 
overcome this have been developed (McGill et al 1985, Joynt et al 1991, Loudon et al 1992), 
which aim to break down the surface EMG pattern into individual MUAPs, but these 
decomposition techniques require special electrodes and considerable off-line analysis 
(Dorfman and McGill 1988) and so were not used for this work.
The surface EMG has been characterised using parameters from published work. These are 
used to quantify the signal and have been used in kinesiology studies (Patla et al 1982, 
Hagberg and Ericson 1982), such as investigating the effect of fatigue, and also to diagnose 
neuromuscular disorders. They are classified into two groups depending on whether they 
were determined from the time domain or from the frequency domain, though there is some 
overlap between the two groups. For both time and frequency domain analysis the signal 
needs to be stationary and from published work parameters were calculated over periods 
lasting from 100ms to Is, over which the signal was shown to be stationary (Inbar and 
Noujaim 1984, Boucher and Pepin 1988, Rossi et al 1988).
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4.3.1 Time domain characteristics
Measurements in the time domain either result in amplitude or time based parameters. These 
are measured over a period in which the signal is stationary and to improve the signal-to-noise 
ratio the results from a number of the same periods are averaged (Gandy et al 1980, Berzuini 
et al 1982, Hagg 1991, Nakazawa et al 1993). This improvement is increased as the number 
of periods is increased.
(a) Amplitude based parameters
Since the surface EMG amplitude follows an approximate Gaussian distribution, with zero 
mean and zero area (Kwatny et al 1970), amplitude based parameters need to be calculated 
after either full-wave rectification or squaring of the signal so that none of the signal energy is 
lost. Amplitude based parameters are the root-mean-square value (Agarwal and Gottlieb 
1973, Petrofsky 1980, Bilodeau et al 1992, Redfern et al 1993), the integrated EMG (Goubel 
et al 1971, Bouisset 1973, Preece et al 1989, Klose et al 1993) and the smooth rectified 
average of the EMG (Stephens and Taylor 1973, Gandy et al 1980, Caldwell et al 1993, 
Nakazawa et al 1993), equations 4.1 to 4.3, where T is the period and x(t) is the EMG signal. 
Peak values are not measured because of their unreliability (Ralston 1961, Bouisset 1973).
T
Root-mean square value, RMS = ^  Jx(t)^ dt (4.1)
T
Integrated EMG value, iEMG = f|x(t)| d t (4.2)
0
1Smooth rectified average = 7p J| x(t)| d t (4.3)
Since amplitude measures are dependent upon the number, the amplitude, the duration and the 
frequency of the active motor units (Petrofsky and Lind 1980, Redfern et al 1993), the above 
parameters are a good indication of the myoelectric activity and the force output of the muscle. 
Therefore, these parameters have been used in the diagnosis of neuromuscular disorders, such 
as myopathies which result in a reduced mechanical effect (Lenman and Ritchie 1977), in
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kinesiological studies, since they show the activity of particular muscles, and in investigating 
muscle fatigue, since during a sustained contraction the additional recruitment and increase in 
the firing rate of motor units result in increases in the amplitude measures (Petrofsky 1980, 
Merletti et al 1990). The relationship between these parameters and the force has been 
extensively studied in published work, but the results have not been consistent with both 
linear and non-linear relationships indicated (Bouisset 1973, Petrofsky 1980, Christensen 
1989).
Both the RMS and iEMG values have been extensively used and from the published literature 
neither one demonstrates superiority over the other as a repeatable measurement. However, it 
has been suggested that because of its calculation the RMS accurately describes the signal 
power more than the iEMG, which is not easily related to the power (Barry et al 1990). For 
this work, the measurement of a repeatable and reliable parameter was required so the choice 
between the RMS and iEMG was selected according to the signal analysis package used. 
Since the smooth rectified average is directly proportional to the iEMG and it is easily 
calculated by the analysis package used, section 7.4, the smooth rectified average was used 
for this work.
(b) Time Jbased parameters
Time based parameters reflect the number of active motor units, the firing rates and the phasic 
nature of MUAPs (Lenman and Ritchie 1977) and can be determined by detecting peaks in the 
MUAP by defining a turn in the signal as a change in the signal direction by more than a pre­
defined voltage, assumed to be 100p.V by Willison (1963). From these peaks an indication of 
the number of active motor units can be calculated and by measuring the time intervals 
between turns the firing rates and the phasic nature of the MUAPs (Preece et al 1989). An 
additional time based parameter is the number of zero crossings (Preece et al 1989), though it 
is more common to use a non-zero crossing to be used because of the influence from noise 
(De Luca 1984). However, since this is closely related to the number of turns only one tends 
to be used.
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The signal characteristics, such as frequencies,are dependent upon the MUAP, and hence on 
the muscle properties, therefore, these parameters have been used in the diagnosis of 
neuromuscular disorders (Lenman and Ritchie 1977). For example, in myopathies the 
resultant MUAP is short in duration and polyphasic, but in neurogenic disorders it is long 
with high amplitudes. From the published literature time based paiameters have been 
predominantly used for needle EMGs, whereas for surface EMGs spectral parameters have 
been used instead. This is valid because spectral parameters are also dependent upon the 
durations, frequencies and phasic nature of signals (Christensen 1989).
4.3.2 Frequency domain characteristics
Frequency domain characteristics are measured from the spectrum of the signal. This is used 
to char acterise a signal, by identifying the frequency components that make up the signal and 
express the signal power into these frequencies. Since the surface EMG is a summation of 
MUAPs which need to traverse through several layers of tissues the resultant spectrum is very 
dependent upon MUAP properties, filtering effects from tissues and the distance from the 
signal source to the electrodes. The low frequency components of the EMG spectrum, lOHz 
to 40Hz, are related to the firing properties of the MUAPs; such as the discharge rate and the 
inter-spike intervals (Lago and Jones 1981, Inbar and Noujaim 1984, Hagg 1991). Whereas 
the higher frequency components are due to the conduction velocity and hence the size and 
type of the motor units (De Luca 1984, Caldwell et al 1993). Details of the techniques used in 
this work to construct the spectrum are given in chapter 7 and the parameters calculated from 
the spectrum are either amplitude or frequency based.
(a) Amplitude based parameters
The signal power within a defined frequency band can be computed, and if this band is made 
as small as possible this * can be used to investigate the power at interfering frequencies, 
such as the 50Hz power-line frequency. However, because of different tissue thicknesses the 
comparison of absolute EMG amplitudes between subjects is difficult (Gandy et al 1980). 
Additional amplitude based measures include calculating the ratio of the spectral power in two
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frequency bands in the complete bandwidth, but since this could be considered to describe the 
spectral shape it has been discussed later.
(b) Frequency based parameters
Frequency based parameters are the most common measures used to define the EMG spectrum 
and include the mode, median and mean power frequency. It has been suggested that of the 
three parameters the median frequency is the more reliable (Stulen and De Luca 1982, Gilmore 
and De Luca 1985), but Merletti et al (1990) and Bilodeau et al (1992) suggest that the median 
frequency and mean power frequency correlate with neither demonstrating superiority over the 
other.
The mode is the frequency at which the maximum power exists and though it has been used in 
EMG studies (Matthieu and Sullivan 1990, Priez et al 1992, Nakazawa et al 1993), it is 
considered to be the least useful of all the parameters because it can be greatly influenced by 
signal variance and hence affected by noise (Muro et al 1982).
The median frequency, or MDF, has been extensively used to characterise the EMG spectrum 
(Petrofsky and Lind 1980, Stulen and De Luca 1982, Christensen 1989, Matthieu and 
Sullivan 1990, Nagata et al 1990, Bilodeau et al 1992, Larsson et al 1993) and is defined as 
the frequency which divides the spectrum into equal power, equation 4.4 , where f is the 
frequency and S(f) is the frequency spectrum.
MDF oo
jS(f).df = jS(f).df (4.4)
0 MDF
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The mean power frequency, or MPF, is determined from equation 4.5 and, like the MDF, has 
been extensively used to characterise the EMG spectrum (Hagberg 1981, Hagberg and 
Ericson 1982, Muro et al 1982, Nagata et al 1990, Priez et al 1992, Nakazawa et al 1993).
/f.S(f).df
MPF =  ----------  (4.5)oo  ^ ^
JS(f).df
0
Since the spectrum of the surface EMG is dependent upon the MUAPs (Lindstrom et al 1970, 
Person and Libkind 1970) and can be characterised by using the MDF and MPF, these 
parameters have been used in the diagnosis of neuromuscular disorders (Preece et al 1989, 
Priez et al 1992). For example, the MPF increases in myogenic diseases because of the 
excessive recruitment of motor units with shorter spike durations and faster rise times (Muro 
etal 1982).
However, perhaps more importantly has been the use of the MPF and the MDF to investigate 
muscular fatigue during sustained submaximal contractions for ergonomic studies (Lindstrom 
et al 1977). Published results show that as time progresses then there is a shift in the signal 
power towards the lower frequencies, resulting in a decrease in both the MPF and the MDF 
(Hagberg 1981, Stulen and De Luca 1982, Nagata et al 1990, Hagg 1991). This is dependent 
upon several factors; including a change in the energy metabolism which results in a decrease 
in the muscle fibre conduction velocity (Arendt-Nielsen and Mills 1985, Merletti et al 1990), 
changes to the synchronisation and firing characteristics of the motor units (Christensen 1989, 
Zhang et al 1992) and the recruitment of type II fibres which have increased MUAP durations 
(Petrofsky and Lind 1980) and are predominantly deep and hence influenced by the low pass 
filtering effects of the surrounding tissues.
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(c) Spectral shape
The spectral shape is an indication of the distribution of power within the spectrum. One 
measure is by computing the percentage of the total power in defined frequency bands over the 
complete bandwidth (Kwatny et al 1970, Priez et al 1992). Since these describe spectral shifts 
they have been used to diagnose neuromuscular disorders, such as in muscular dystrophy 
where there is an increased proportion of power at the lower frequencies (Priez et al 1992, 
Preece et al 1989), and as an indicator of fatigue, because of the shift of the signal power to 
the lower frequencies (Christensen 1989).
Moments about the mean value of a distribution are statistics which describe the characteristics 
of that distribution and are defined as equation 4.6.
mr = 4  J(x(t) - Xm)  ^dt (4.6)
0
where T is the period length, mr is the r*  moment about the mean, Xm, (Keeping 1962). The 
second moment is the variance which characterises the spread in the data, but this is 
approximately constant for the EMG because of the stationary properties. The third and fourth 
moments depend on the spectral shape of the distribution and are described using parameters 
called the skewness and kurtosis of the distribution, equations 4.7 and 4.8. These values are 
pure numbers, independent of the units of the signal, which give better estimates than the 
absolute moments and reflect the polyphasicity of the signal.
Skewness = (4.7)
= ^  (4.8)
Since for symmetrical distributions odd moments are zero, because of the cancellation of 
positive and negative products, the skewness is a parameter which describes whether the 
distribution tails off more to one side than the other, giving a positive skew if tailing to the 
right and a negative skew if tailing to the left. Though the kurtosis reflects the spread in the
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data, since it is an even moment, it is also a measure of the 'peakedness' in the distribution. 
However, for a stationary signal the importance of this measure is questionable. Both the 
skewness and kurtosis have been used in published EMG studies to diagnose neuromuscular 
disorders (Berzuini et al 1982, Priez et al 1992), because they reflect spectral shifts in the data, 
but compared to the main spectral parameters, such as the MDF, their use has been limited. 
From the published work, no results have shown that the skewness and kurtosis are 
repeatable for the EMG signal and so were not used for this work.
The spectral bandwidth, equation 4.9 has been used to describe the spectral shape but these 
published studies have used it more as a measure to investigate the effect from inter-electrode 
spacings rather than as a measure of the actual EMG characteristics (Zipp 1978). Therefore, 
this parameter was not used for this work though some indication of the bandwidth using 
visual observations from the spectra will be indicated.
f js ( f )  d f>
Spectral bandwidth =  — (4.9)
fs(f)2 df
0
An additional measure to describe the spectral shape is by using a raster plot, which reflects 
the frequency against time where the intensity of the spot is proportional to the power, figure 
4.3. However, the raster plot is particularly relevant to indicate spectral shifts over long 
periods of time, such as for the electrogastrogram to investigate stomach disorders (Pfister et 
al 1988), and not for short-term signals like the EMG.
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Fig. 4.3 Raster plot of the electrogastrogram of a diabetic patient
01
iff.
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4.3.3 D iscussion
In published work parameters have been measured, in both the time and frequency domains, 
to quantify the characteristics of the surface EMG; particularly in studies of neuromuscular 
disorders, kinesiology, ergonomics and muscular fatigue. The need to quantify these signals 
in the clinical environment using a repeatable and reliable parameter has been discussed by 
Dorfman and McGill (1988), and these are for the precise interpretation of results, to help 
minimise observer bias and to facilitate comparisons across time and individuals. These 
reasons are equally valid for this work to investigate the effects from different referencing 
systems.
Since the surface EMG is a summation of many MUAPs, the interpretation of time based 
parameters is difficult because individual MUAPs cannot be distinguished. This results in the 
loss of relevant signal information and though decomposition techniques have been developed 
to extract individual MUAPs, for this work time-based parameters were not used. For surface 
EMGs, results from published work show that amplitude based parameters, used to indicate 
the level of muscular activity, are more repeatable than time based parameters. From the 
parameters considered the smooth rectified average was selected. As discussed absolute 
amplitudes were not measured, except for the condition when there was a significant periodic 
signal, such as at the power-line frequency, superimposed onto the EMG.
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Since the frequency spectrum is dependent upon the characteristics of the MUAPs, spectral 
parameters have been used as measures of both amplitude and time based characteristics. 
Therefore, these techniques have been widely used in the clinical environment and the results 
are more easily interpreted than time domain results (Matthieu and Sullivan 1990). Amplitude 
based parameters reflect the signal power at defined frequencies and though absolute 
amplitudes tend not to be used clinically, for this work the signal power at interfering 
frequencies, such as the power-line frequency, were measured.
One reasonable assumption to investigate is that different referencing systems may affect the 
distribution of spectral power over the bandwidth, because some systems may result in 
changes to the overall low frequency or high frequency cut-off values. Therefore, frequency 
based parameters that reflect spectral shifts, such as the median and the mean power 
frequencies, needed to be measured. Since neither have demonstrated superiority over the 
other and because the analysis package used for this work, section 7.5, computes the MDF 
using simple commands, the MDF was used as the frequency based parameter. In addition, 
frequency bands were defined and the percentage of the power contained within each band 
computed. This gave a further indication of the spectral distribution.
4.4 C O N C LU SIO N S
From published work, characteristics of the surface EMG signal were investigated in both the 
time and frequency domains. Parameters, which were used to quantify these signals, were 
identified and these tended to concentrate in the frequency domain. From the time domain, 
only amplitude based parameters were selected, i.e. the smooth rectified average, because of 
the loss of time information from individual MUAPs in surface EMGs. Whereas, the 
parameters calculated from the frequency domain included absolute amplitude measurements, 
particularly at the power-line frequency, the median frequency and measures of the spectral 
distribution, including calculating the percentage of the total power within defined frequency 
bands. Therefore, comparisons between the EMG spectra were predominantly used in the 
experimental work to interpret the results and as a comparative study between different 
referencing systems.
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Chapter 5 
DRSTGN OF EMG INSTRUMENTATION SYSTEM
5.1 INTRODUCTION
To evaluate the different referencing systems the EMG signal is measured from the skin 
surface. For direct comparisons between systems this signal needs to be consistent and 
repeatable, though to expect perfect reproducibility of measurements is unreasonable 
considering the complexity of muscles and surrounding tissues (Komi and Buskirk 1970). To 
maximise reproducibility the measurement system was designed, in accordance with those 
from published work, and it was decided to measure the differential surface EMG from biceps 
brachii during an isometric contraction at the elbow, chapter 6 .
The requirements for the EMG instrumentation system are outlined below:
1. Different referencing systems to be implemented into the design of the preamplifier and 
electrode leads.
2. To reduce the risk of aliasing by removing frequencies above the highest EMG 
component; IkHz.
3. To offer the option of reducing the 50Hz signal from the power-lines.
4. To interface the signals to a remote computer; for data acquisition, storage and 
subsequent analysis.
5. To provide subject and investigator electrical safety, using the B.S. 5724 standard as a 
guideline.
6 . Parts of the system connected to the subject are to be battery powered using a single 
PP3, thus low power consumption is important.
The system designed amplifies the EMG near to the source using a preamplifier, the design of 
which is in accordance with those from published work and is determined from the EMG 
characteristics. Within this design different referencing systems have been implemented, for 
example the driven right leg. The signal is then low pass filtered, at a cut-off above the 
highest frequency component in the EMG, to reduce the risk of aliasing. There is an option to
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reduce the 50Hz component using a notch filter to enable the analysis of the EMG if it is 
apparent that the mains component dominates. Therefore, two signal paths are available to the 
computer and these are electrically isolated for subject safety before being interfaced. The 
preamplifier, filters and the input side of the isolation stage are battery powered using a single 
PP3. A block diagram of the measurement system is shown in figure 5.1, including the angle 
measurement described in chapter 6 .
Fig, 5.1 Block diagram of measurement system
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5.2 INTERFACING TO THE COMPUTER AND DATA ACOtlTSTTTON
For analysis it was necessary that the EMG signals were stored on a computer. Two 
interfacing options were considered; an input-output card, e.g. the PCL-812 from Advantech, 
and a dedicated system existing within the group, i.e. the CED-1401 from Cambridge 
Electronic Design Ltd. It was decided to use the CED-1401 because of its satisfactory 
specification and that it is fully supported by its own data acquisition and analysis software, 
discussed in chapter 7. Other advantages are that there was some existing experience of its 
use within the group and extensive software and hardware support from CED. The CED- 
1401 is an intelligent interface unit with thirty-two single-ended ADC channels each with an 
operating input range of ±5V and four DAC outputs. The ADC has a 12 bit accuracy and a
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maximum data rate of 82.5kHz. The sampled data is stored in a format that is portable 
between CED analysis programs, which is advantageous because the data collected using an 
I/O card may not be transferable into the CED analysis packages.
5.3 PREAMPLIFIERS AND REFERENCING SYSTEMS
5.3.1 Preamplifier design
Preamplifiers need to be designed in-house to accommodate the required specification and to 
implement the different referencing systems. From published systems, specifications for 
EMG preamplifiers differ - being dependent on the particular signal to be recorded, the 
recording conditions, the system used and the date of publication. The specification for the 
preamplifier to meet is outlined below and agrees very closely to published systems, such as 
Johnson et al (1977).
1. Bandwidth (-3dB) from 3Hz to IkHz
2. Differential gain of 500
3. Common-mode rejection > lOOdB over the bandwidth
4 . N oise levels < 5 |liV , referred to input
5. Input impedance >10Mfl over the signal bandwidth
6 . Output impedance < lOOO
7. Powered from a single PP3 and low power consumption
The basic design of each preamplifier was based on the three op-amp instrumentation 
amplifier, described in section 3.2, and values used in the chcuit were: Ri = R 2  = lOkO, R 3  = 
R4 = I MO. R5 = 4k70, R(5 = 47kO, R7 = Rg = l5kO, Rg = Rio = 16kO, Ci = C2 = 22pF.
Though instrumentation amplifiers are available as single ICs, for example the AD524 from 
Analog Devices, to enable the design to be specific to the requirements the designs were based 
around discrete quad op-amp packages. From those examined the Precision Monolithics 
OP400G was used; because of its precision performance, high stability, high input 
impedance, high common-mode rejection and low power consumption. It uses bipolar inputs, 
thus sacrificing the very high input impedance associated with FET inputs for high common­
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mode rejection and lower noise levels (Johnson et al 1977, Ary 1977). However, in reality 
the input impedance for both bipolars and FETs is limited when the circuit is put onto PCB 
because of the board material that separates the pins (Svetz and Duane 1975), an effect often 
overlooked. Resistors of tolerance 1% are used for high accuracy, stability and good 
resistance matching at the output stage to maintain a good CMRR.
The 12 bit ADC in the CED-1401 results in a resolution of 2.44mV over the ±5V span. 
Therefore, since the amplitude of the EMG is between 3p,V and ImV (Johnson et al 1977) to 
register 3p.V as one bit requires a gain of approximately 800. However, this may cause 
saturation if high amplitudes are present. Therefore, the gain, calculated from equation 3.2, 
was set to 500 to limit the resolution of the preamplifier input to approximately 5|llV. 
Assuming a common-mode potential on the body, with respect to circuit common, of IV then 
a common-mode rejection ratio, CMRR, of approximately lOOdB is required for this signal to 
be registered as one bit at the CED-1401. The OP400G has a gain-bandwidth product of 500k 
so the IkHz bandwidth is satisfied. The low frequency cut-off is determined by the capacitors 
coupling the two input stages, Ci and C2 , equation 3.3. Tantalums are used for high stability 
and component size and to maintain consistency with Johnson et al's (1977) design two 
tantalums are connected with their polarities opposed, though tests have shown that the 
opposition of polarities makes no difference. To meet the requirements C\ and C2 were set to 
22^F for a low frequency -3dB point at 3Hz.
Each preamplifier design was implemented onto PCB using the Ranger CAD package, version 
1.12, from Seetrax, and manufactured in the Department of Electronic and Electrical 
Engineering, University of Surrey. General design rules to reduce interference, such as 
decoupling, track routing and screening (Benda 1991), were implemented and die-cast boxes 
were used to minimise the electromagnetic interference pick-up (Huntsman and Nichols 1971, 
van der Locht et al 1980).
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5.3.2 Implementing referencing systems
Modifications to the basic circuit were made to implement the different referencing systems. 
Each preamplifier was assigned a code reference for identification, REF-OOn, and these were 
all isolated. In the following schematics the element lA represents the instrumentation 
amplifier, figure 3.1, and Ra. and Rg both equal lOkQ. Except for the systems where the 
shields are driven, the casing and the shields are connected to circuit common.
(a) REF-QOl
The REF-001 system, figure 5.2, was used to examine the two and three electrode isolated 
systems, section 3.3.1. Resistors Ra and Rb were used between the outputs of the input 
stage, but it was shown that the effect from these was insignificant.
Fig. 5.2 REF-001 preamplifier schematic
Electrode 1
VOUTElectrode 2
COM
RBRA
Ref ___ 
electrode
COM COM
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(b) REF-002
The REF-002 system, figure 5.3, was used to examine the effect from buffering circuit 
common at the electrode site before connection to the third electrode, section 3.3.1.
Fig. 5.3 REF-002 preamplifier schematic
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COM
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(c) R E F -m s
The REF-003 system, figure 5.4, was used to examine the effect from measuring the 
common-mode signal on the body and driving it further at this potential, section 3.3.5.
Fig. 5.4 REF-003 preamplifier schematic
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(d) REF-004
The REF-004 system was used to examine the effect from the driven-right leg system, section 
3.3.3. In this preamplifier, figure 5.5, there is resistive feedback around the driving amplifier 
and a switch, SWl, is used to change the configuration to determine the relative position of 
the current limiter, Rq. Values used were in accordance with Winter and Webster's (1983b); 
Rp=lM^l and Ro=10kQ.
Fig. 5.5 REF-004 preamplifier schematic
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(e) R E F-005
The REF-005 system, figure 5.6, was used to examine the effect from driving the shields 
using the 1 0 0 2^-1 0k0  attenuator circuit and for comparisons two and three electrodes are 
used. Since the casing and the shields are driven, a modified lead at the output of the 
preamplifier needed to be made by breaking this connection near to the casing and connecting 
it to one of the socket pins.
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Fig. 5.6 REF-005 preamplifier schematic
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(f) R E F-007
The REF-007 system, figure 5.7, examines the driven-right leg system, but with capacitive 
feedback around the driving amplifier using values from Metting van Rijn et al (1990); 
Cp=lnF and Ro=lMQ.
Fig. 5.7 REF-007 preamplifier schematic
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(g) REF-008
The REF-008 system, figure 5.8, examines the driven-right leg system of REF-007, in 
conjunction with the driven shield configuration of REF-005. Therefore, the modified output 
DIN lead was used. The additional resistor, Rc, at the input to the driving amplifier is used 
because of the output circuit of the follower in the driven shield configuration. The system 
was designed around that used by Metting van Rijn et al (1990); Cp=lnF and Ro==lMf2..
Fig. 5.8 REF-008 preamplifier schematic
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(h) Medelec system
For a non-isolated system a commercial neurological system was used, the Medelec AA6
mk.ll with PA62 preamplifiers. Therefore, the third electrode was connected to ground. The
output of the Medelec was then sampled direct by the CED-1401. The system specification is:
Input impedance - series mode 10^fl!ll5pF
common-mode >500MQI130pF 
Common-mode rejection >94dB @ 50Hz
Gain (set by user) 2500 (200|O.V/division)
Bandwidth (set by user) - LF 0.8Hz (200ms)
HF 800Hz (200|is)
5.3.3 Electrode input leads
To reduce the noise pick-up it is recommended that the leads are short, with the preamplifier 
kept as close to the body as possible and moulded together to equalise the displacement 
currents induced into the leads (Svetz and Duane 1975). In this study lead lengths of 50cm 
are used and are kept close together to minimise the loop. Since the leads must separate near 
the electrode sites there is a compromise between using twisted leads with a single shield, 
whose integrity is broken as the leads separate, or non-twisted leads running parallel with each 
other with individual shields. It was decided that it was more important to maintain the 
integrity of the shields than the use of twisted leads. The leads used were two individually 
screened 7/0.2mm tinned copper stranded conductors laid side by side in a PVC outer sheath. 
Three sets of leads were constructed and used in the tests - shielded, half shielded and 
unshielded.
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5.3.4 Measurement of preamplifier specification
The measured specification was shown to meet the required specification.
(a) Frequency response
Using an 8mVp.p input signal to the preamplifiers the magnitude response was measured, 
figure 5.9. Results show the required flat response with 3dB points at 3Hz and 1.2kHz, and 
this was shown to be true for other input signal ranges.
Fig. 5.9 Magnitude response of preamplifiers
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Similarly the phase response of the preamplifiers was measured, figure 5.10, with the results 
confirming the conclusions from the magnitude response.
Fig. 5.10 Phase response of preamplifiers
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(b) Com mon-mode refection
The common-mode rejection ratio, CMRR, was calculated from measurements of the 
differential mode and common-mode gains with a source impedance of lOkQ, in accordance 
with recommendations (Stott and Weller 1976, Castillo 1983). Particular care was taken to 
ensure that the equipment did not create any ground loops that may have affected the low level 
output signals when measuring the common-mode gain. The results are shown in figure 
5.11.
Fig. 5.11 Common-mode rejection response
120
110
100
CMRR/dB 90 
80 
70 
60
" REF-001 
•O- REF-002 
—  REF-003 
-O- REF-004
1 10 100 1000 10000 
Frequency/Hz
From IHz to IkHz the CMRR for all preamplifiers varies from 80dB to 115dB, exceeding 
90dB at 50Hz. It is expected that differences are due to the actual OP400G 1C used, rather 
than the resistors, and this was confirmed when two identical preamplifiers used each others 
1C. The results do not conform exactly to the required specification, though values quoted in 
the data sheet show a CMRR exceeding 1 lOdB from IHz to IkHz. Differences may be 
attributed to the use of ±15V supplies for the data sheet measurement and limitations in these 
tests from the choice of input signal used and the use of a mains powered function generator, 
which meant that the circuit common of the battery-powered preamplifiers needed to be 
connected to ground.
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(c) N o ise
The noise at the preamplifier output was measured for three different conditions used in 
published work (Silverman and Jenden 1971, De Luca et al 1979, van der Locht et al 1980); 
inputs shorted, inputs shorted to circuit common and a lOkO resistance connected between the 
inputs. For all conditions the output noise was less than 1.5mVp-p, which is equivalent to less 
than 3pV referred to input.
(d) Input impedance
Over the frequency range from d.c. to licHz the input impedance was measured to be more 
than lOOMO, though the actual result is very unstable. It is recognised that this measurement 
technique is rudimentary, requiring that one of the inputs be grounded, but is used in other 
laboratories to get a feel for the magnitudes. More detailed measurement tests have not been 
found, with manufacturers reluctant to divulge their techniques.
(e) Output impedance
Using a similar technique, as used to measure the input impedance, the output impedance was 
measured to be less than lOOO, but this estimate was raw because of the magnitudes involved.
5.4 FILTERS
5.4.1 Low-pass filter
To reduce high frequency noise pick-up in the amplifier and to prevent aliasing the EMG 
signal was low pass filtered at a cut off frequency of IkHz, which exceeds the highest 
frequency reported for surface EMGs. A flat response with unity gain was required in the 
pass band and it was felt that an 80dB/decade roll-off in the stop-band was sufficient. 
Switched capacitor filters, for example the Linear Technology LTC1062, were not used, even 
though they are reported to improve stability, because they use a clock which can inherently 
translate as feedthrough on the output which would be aliased when sampled.
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A filter design that does meet the requirements is the Sallen-Key configured as a Butterworth 
filter, figure 5.12, (Johnson 1976). Two cascaded stages, using the Texas Instruments 
TL062 Op-amp, were used to achieve the fourth order response and unity gain was achieved 
by using each op-amp as a follower. The transfer function for each stage is given in equation 
5.1.
Fig. 5.12 Second order Salien Key low pass filter
VIN
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COM
H(s) =
1
Ci.C 2 .R^
Ci.R Ci.C2.R2
(5.1)
From this, expressions for the Q factor and the 3dB cut-off frequency have been calculated, 
equations 5.2 and 5.3.
=  2 - V S
wo 1R.VCTCi
(5.2)
C&3)
The cut-off frequency for both stages was set at approximately IkHz and the Q factors set 
according to the normalised low pass second order factors from Johnson (1976); i.e. 1.30656 
and 0.54120 for the first and second stage respectively.
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Nominal values have been calculated for each component:
First stage: R = 12kO; Ci = 33nF and C2 = 4n7F
Second stage: R =lk5Q; C; = 22nF and C2 = 1 HnF (lOOnF and 22nF in series)
From these values Q a = l . 32 , Qi-,=().55 and the cut off frequency is 1065Hz. From the results 
of the response, figures 5.13 and 5.14, the response in the pass band is flat with a 3dB cut-off 
frequency at approximately 1 kHz and a roll-off of 80dB/decade. The measured d.c. off-set is 
-2.5mV, however this can be rejected at the opto-coupler or in the software.
Fig. 5.13 Magnitude frequency response for the low pass filter 
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Fig. 5.14 Phase firequency response for the low pass filter
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5.4.2 50Hz notch filter
There is an option to reduce the 50Hz signal using a notch filter when there is excessive mains 
interference. The filter is required to have a flat response of unity gain in the pass band and it 
was felt that an attenuation of 40dB at the notch frequency was sufficient. Since the EMG 
contains components around the 50Hz frequency the bandwidth at the notch needed to be only 
a few Hz. The characteristics of the most common notch filters were investigated, including 
the elliptic and Twin-T circuits, but it was decided to use the Biquadratic circuit, figure 5.15, 
because these other circuits either introduce ripple into the pass band or require very accurate 
component matching. The circuit was based around the Texas Instruments TL064IC.
Fig. 5.15 Biquadratic notch filter
R2
C2 R6R 3ViN R 4
COM
COM
R 7
VOUTR8
COM
The Biquadratic filter achieves cancellation at the notch frequency by summing the input signal 
with a band passed version of the same signal, which is 180° out of phase with the input at 
this frequency, at the fourth op-amp stage. The transfer response is shown in equation 5.4 
and expressions for the cut-off frequency, cOq, the Q factor and the 3dB points of the notch
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response, C0-3dB» have been evaluated, equations 5.5, 5.6 and 5.7 respectively. R5 and R^ 
and also Rg and R9 aie assumed to be equal.
9 . ( I R9 \. P i ~ P ,  R o /  ' s + ____________R l . C l  '  R y . C i . R ^ ^ '  R2.R4 .C j .C 2 (5 4)
+ RTcT^ R2.R4.C1.C2
“ «^“ R2.R4.Ci .C2
Q = (OQ.Ri.Ci (5 .6)
First R5 , Rô, Rg and R9 were nominally set to 33kO and Ci and C2 to lOOnF. R2  and R4  
were calculated to ensure a notch response at 50.0Hz, Igkfi and 56k£2 respectively, though 
for R4  a 51kQ resistor was used with a lOkfl multi-turn potentiometer to achieve a cut-off at 
'exactly' 50.0Hz. From equation 5.7, it is apparent that an increase in Q will reduce the 
bandwidth. Originally the bandwidth was set to 48.5 to 51.4Hz, with a Q factor of 17.6 
using Ri equal to 560k^2. However, this only resulted in a measurable attenuation of 
approximately 20dB at 50Hz. Thus a compromise had to be made between the bandwidth and 
the attenuation of the response. The -3dB points were moved outwards, to get higher 
attenuation at 50Hz, and it was decided that the optimum Ri value was 180k^2, resulting in a 
bandwidth from 45Hz to 55Hz and a Q factor of 6 . R3 was set to 150kQ.
For complete cancellation at 50Hz, the coefficient of 's' in the numerator of equation 5.7 
needed to equal zero, so Ry was carefully chosen to counteract this non-unity gain at coq of the 
pass-band stage, R 1/R3 , and to compensate for any mismatch in the resistance ratios. It was 
calculated to 39.6kQ and for accuracy it was decided to use a 33kQ resistor in series with a 
lOkO multi-turn potentiometer. This final op-amp stage does not affect the notch frequency or 
the value of Q.
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The notch filter was tested whilst connected to the output of the low-pass filter. The 
responses, measured at three different input peak-to-peak values, 40mV, 400mV and 4V, are 
shown in figures 5.16 and 5.17, with particular attention being observed around 50Hz. The 
main points are that the 3dB bandwidth is approximately 9Hz, the 20dB bandwidth is 
approximately IHz and for low level signals the notch frequency is displaced slightly to 
approximately 49.5Hz, figure 5.16. For the system the notch filter was set up using the 
400mVp.p signal. The phase response of the notch filter shows that for large and small 
frequencies the signal is inverted, phase shift of 180°, whereas at 50Hz the shift is 90°. To 
compensate for this the signal was inverted using a simple op-amp inverter at the output of the 
opto-coupler using the Analog Devices OP-07.
Fig. 5.16a Magnitude response of notch filter
10 100 1000 10000
0
- 4  ¥
-20
G 
a 
i
n -30 - -
{ -40 +d
B -50--  
-60 - -
if
d
■■■ Amplitude l/dB 
"O" Amplitude2/dB 
* Amplitude3/dB
Frequency/Hz
89
40 
0 A=
42 44 46 48
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Fig. 5.17 Phase response of notch filter
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5.5 ISOLATION STAGE AND ELECTRICAL SAFETY
5.5.1 Requirements for isolation stage
For subject safety a level of electrical isolation is needed between the battery powered system 
and the mains powered interface unit and computer. This was achieved using an 'isolation 
amplifier' which breaks the ohmic continuity between the input and the output. According to 
the recommendations set out in the British Standard on the 'Safety of Medical Electrical 
Equipment', B.S. 5724 (1979), only one level of isolation is necessary for single-fault
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conditions. The isolation stage was designed to conform to the electrical safety standards, 
B.S. 5724, and an outline specification is given below:
1. Analog isolation to minimise the number of isolation stages
2. Gain of unity over a bandwidth from d.c. to IkHz
3. Power supplied from one PP3 at the input side, i.e. no isolated power supply
4. Isolation-mode rejection ratio exceeding lOOdB from IHz to IkHz
5. Minimal noise levels, less than 5p,V
6 . Single-ended, bipolar operation for inputs of ±5V
5.5.2 Design of isolation stage
Isolation stages suitable for this system are either the capacitively coupled isolation amplifier 
or the optically isolated opto-coupler. However, there are inherent problems associated with 
isolating analog signals using simple opto-couplers. These are the non-linearities of the small 
signal transfer characteristics and the instability, both requiring the emitter circuit to be pre­
biased to overcome these. This determined the initial decision to use capacitively coupled 
isolation.
A range of capacitively coupled isolation amplifiers from Burr Brown were investigated, but 
from these it was apparent that only the ISO-121 met the required specification. However, in 
preliminary tests the IS 0-102 was used because this IC was available and from contact with 
Burr-Brown it was confirmed that for a preliminary test, to measure noise levels and circuit 
operation, the IS0-102 would be comparable to the ISO-121. It was configured as 
recommended, but high levels of noise, 10mVp.p with a frequency of 3MHz, and spikes of 
amplitude lOmV, spaced 2.4|is apart, were measured at the output. These were reduced to 
some extent using an R-C filter and techniques proposed in the data sheet, but not 
significantly. Burr-Brown confirmed that these noise levels should not be present and should 
be less than 300|aV, and it was suggested that the noise may be a result of the track layout. 
This was not confirmed when a demonstration board, the DEM-102, from Burr Brown was 
used. Therefore, it was decided to investigate the use of an opto-coupler.
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To eliminate the problems associated with conventional one transistor opto-couplers in analog 
isolation, i.e. non-linearity and instability, two techniques have been proposed - the 
compensated technique using a matched pair of couplers and negative feedback and the 
differential technique using a matched pair of photodiodes illuminated by a single LED. Both 
aim to control the drive for the photodiode inside a loop, but the latter technique has been 
shown to be superior. Of the opto-couplers examined, including the Phillips 6N137, Texas 
Instruments T IL lll and Burr Brown ISO-100, only the Siemens IL300 met the required 
specification.
The Siemens IL300 uses the differential technique described above. It consists of an LED 
irradiating a feedback photodiode and an isolated output photodiode. The latter produces an 
output signal that is linearly related to the output intensity of the LED whereas the former 
generates a control signal that is used to control the LED drive current to compensate for the 
non-linear, time and temperature characteristics (Krause 1991, Goodenough 1991). Two 
isolation circuits proposed by Krause (1991) were investigated. The first uses two IL300 
ICs, configured as a positive and negative unipolar amplifier, in one circuit, but three 
problems were observed using this circuit: (1) distortion of the waveform at the zero crossing 
levels, where operation is transferred from one opto-coupler to the other; (2 ) saturation of the 
output above ±1V, in a personal communication Krause later pointed out that this circuit was 
designed for ±0.1V operation and it would not cope with a much greater voltage span; and (3) 
500kHz noise being superimposed on the output signal which was not reduced by circuit 
layout, shielding or decoupling techniques. These problems led to the investigation of the 
alternative circuit.
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The second circuit removes the need for two IL300s, and hence well matched ICs, by using 
prebiased amplifiers, figure 5.18, The input span was set to ±9V to adequately cover the ±5V 
range and values were calculated from equations presented by Krause (1991).
Fig. 5.18 IL300 isolation circuit used in the system
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Biasing of the amplifier with Ipi and Ip2 first used a simple series resistor connected to the 
positive rail. Its operation was adequate but depended upon the supply rail being stable to 
maintain a zero d.c. offset, which is not practical for the battery powered side. Thus the 
biasing needed to be constant and stable, so a constant current source IC, the National 
Semiconductor LM334, was used. Its output current can be set between Ip A to 10mA and is 
determined by a single resistor, Rget, calculated from the equation I = 67.7mV/Rset* To meet 
the required Ipi and Ip2 of lOOpA and 6 6 pA respectively, because of the characteristics of the 
IL300 IC, resistances of 680Q and 10260 were used for the input and output Rset 
respectively. For the latter it was decided to use a IkO resistor with a lOOO multi-turn 
potentiometer to enable the d.c. offset to be zeroed accurately, since the d.c. level is affected 
by the biasing. It was found that the LM334 is accurate over a voltage range from 2 to lOV.
93
Before measuring the frequency response of this isolation circuit the potentiometers at R2 and 
Rset-O/P were adjusted for unity gain and zero d.c. offset respectively. Using a 4Vp_p input 
signal the phase and magnitude response were measured. The results are shown in figures 
5.19 and 5.20.
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Fig. 5.19 Magnitude response of IL300 circuit 
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Fig. 5.20 Phase response of IL300 circuit
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For the system two isolation stages have been built, to isolate the low passed signal and to 
isolate the notch filtered signal.
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5.5.3 Electrical safety tests
The system was designed with attention given to the requirements set out in B.S. 5724, Part I. 
This details the requirements to provide protection through precautionary measures against 
electrical hazards which could cause danger to the user, patient or surroundings; such as 
muscular paralysis, ventricular fibrillation and respiratory paralysis from 50Hz a.c. current 
levels exceeding 10mA, 70mA and a few Amperes respectively (Smallwood 1983). By 
classifying the equipment the standard recommends safety limits for parameters, such as 
leakage currents, when the equipment is in NORMAL USE and under SINGLE FAULT 
CONDITION. For this work the system is classified as 1-BF, because of the mains powered 
opto-coupler output stage, CED-1401 and computer, though with a protective earth and the 
isolated battery powered patient circuit. The three most important parameters recommended 
by British Standards to check are the isolation voltage, creepage and air clearance distances 
and leakage current levels. However, since the system is a one-off, data sheet values were 
checked for the voltage and distances. The opto-couplers were positioned away from the 
other components to enable sufficient tracks around the isolation stage to be cut away which 
would make the passage of high currents easier. However, this has not been quantified.
The standard recommends a patient isolation voltage, i.e. between the applied parts and the 
mains, of 4kV to protect the subject from high static discharges and from transient mains line 
surges. This is met by the IL300, which can isolate up to 4420Vrms for one minute and 
5300Vrms for one second. The creepage and air clearance distances are defined as the 
shortest paths along the surface of insulating material between two conductive parts and the 
shortest path in air between two conductive parts respectively. Since the IL300 was mounted 
onto strip board and the unused copper tracks around the IC were cut away, the system meets 
B.S. 5724 recommendations of 4mm for the creepage distance and 2,5mm for the air 
clearance distance.
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The leakage currents were measured using suitable safety equipment, the Electiical Safety 
Tester Model 233 (Graseby Medical Ltd.), available within the group. Leakage currents are 
non-functional currents through or across an insulation (Smallwood 1983) and are defined as 
either:
1. Earth leakage current - flows through the protective earth wire of mains supply cable.
2. Enclosure leakage current - flows from the exposed conductive parts to protective 
earth.
3. Patient leakage current - flows to protective earth from applied parts (i.e. electrodes).
4. Patient auxiliary cunent - flows between any part of an applied part and all other parts 
of the same applied part shorted together.
Test results showed that the patient leakage and patient auxiliary currents were significantly 
lower than the recommended values, but the system failed to meet the recommendations for 
the earth leakage and the enclosure leakage curtents for certain conditions, appendix B. It was 
shown that the system failed because of the computer and the monitor, since when these were 
tested separately using the same tests the high leakage currents were still observed. The same 
pieces of equipment were previously tested to be safe within the Department of Mechanical 
Engineering, University of Surrey, but for these test to the less stringent limits for domestic 
appliances.
From these results it is suggested that to minimise the risk from electrical hazards the subject 
should be physically separated from the computer and the CED-1401, to prevent them from 
touching any accessible parts of these systems, and that a method must be used to prevent the 
investigator from touching these accessible parts and the subject simultaneously. Physical 
separation of the user from the computer may also assist to meet this suggestion. Practical 
ways to reduce the leakage currents are to use an isolation mains transformer, which 
introduces protective insulation between the mains earth and the earth used by the computer.
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5.6 PO_WEB__S_UPPLIES
The instrumentation on the subject side of the isolation stage is powered using a single PP3 
battery. Since the EMG is bipolar a positive and negative power supply must be generated, 
though there is no need to regulate the rails. Therefore, a voltage converter IC, 7660S from 
Harris Semiconductor, was used to perform the voltage conversion from positive to negative. 
Noise, of approximately 40mV spikes spaced 70|as apart, was measured at the output of the 
7660, but since the output of the PP3 was 'clean' this noise was considered to be a result of 
using the 7660. It was reduced when tantalum capacitors were used instead of electrolytic 
capacitors, which were initially used, because the ripple voltage on the 7660 output increases 
if the 'equivalent series resistance’ or ESR increases and electrolytic capacitors are known to 
have a higher leakage current and hence ESR than tantalums, i.e. 3|J,A and less than IpA 
respectively. The factor of three difference explained the three fold decrease in the spike levels 
when the tantalums were used. The ripple on the rails has an approximate frequency of 
7.7kHz, which is in the range of 5kHz to lOkHz quoted in the data sheet. Though the 
frequency decreases as the PP3 approaches full discharge (1 V/cell), it is constant between 7V 
and 12V, figure 5.21. In the prototype design this component did not transfer to the output of 
the filter or the preamplifier.
Fig. 5.21 7660 frequency (Hz) as supply voltage is varied
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However, when the system was used in preliminary EMG tests it became apparent that it was 
transferred to the output of the opto-coupler. In retiospect, this was not surprising because 
the opto-coupler operates with biasing from the positive rail. Since the data is sampled at 
5kHz, section 7.2, this resulted in aliasing of the fundamental and first harmonic to 
frequencies of approximately 2.2kHz and 1.6kHz, with approximate amplitudes from -60dB 
to -70dB and -50dB respectively. From sampling the output signal of the opto-coupler and 
monitoring these aliased frequencies it was shown that as the voltage supply varied then so did 
the frequency of the 1.6kHz component, whereas the 2.2kHz component remained more 
constant, figure 5.22. This was because of the varying 7660 frequency with supply voltage, 
since as time progressed the PP3 discharges.
Fig. 5.22 Variation of the aliased frequencies (Hz) as supply voltage is varied
2400 T
2200 - -
2000 - -
Alias freqs. 1800 -- 
1600 --
1400 --
1200
1210 118 96 7
Supply voItagG/V
With straight forward inspection of the EMG spectra these components could be ignored 
because they are outside the range of interest, 3Hz to IkHz. However, in subsequent 
analysis, for example the calculation of the median frequency and frequency band percentage 
powers, these aliases must be removed so an anti-aliasing filter was employed at the output 
side of the opto-coupler. For the results of the initial tests which did not use this filter 
the aliases were removed using a digital filter, section 7.6. The design of the anti-aliasing 
filter is identical to the previously discussed low pass filter and it is connected at the output of 
the isolation stage because this side is not powered by the 7660 and hence does not have the 
artefacts superimposed.
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5.7 CONCLUSIONS
A measurement system to record the surface EMG from the biceps brachii muscle was 
designed in accordance with the requirements and to those from published work. It allows the 
signals to be processed and stored on a computer for analysis using the custom signal analysis 
packages from CED. Particular attention was given to the preamplifier design and the 
implementation of the referencing systems and the electrical isolation stage for subject and 
investigator safety.
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Chapter 6
EXPERIMENTAL RIG. ELECTRODES AND PROTOCOL
6 .1  INTRODUCTION
For direct comparisons between referencing systems the measured signal needs to be 
consistent and repeatable. To maximise reproducibility the test procedure and protocol have 
been standardised. For this an experimental rig to produce the 'same' contraction has been 
designed, in accordance with criteria from other published work, together with the 
development of a strict protocol for the test procedure. This protocol includes the choice and 
positioning of surface electrodes. In this chapter the design of the experimental rig and the 
protocol will be discussed.
6 .2  DESIGN OF EXPERIMENTAL RIQ
6.2.1 IntcDductlon
To investigate the activity of selected muscle groups rigs have been designed to 'isolate' these 
muscles. These aim to minimise the effects from other groups by careful positioning of the 
subject and the use of a strict protocol. For different reasons most are associated with 
movement around the elbow or the knee, but from the literature it is apparent that the design 
criteria for all rigs is similar. However, the simplicity of these rigs is that for other 
movements it is very difficult to attain a repeatable position; for example problems associated 
with shoulder rotation when measuring the effect of the deltoid muscle on shoulder abduction.
It was decided to develop a rig that would control an upper limb movement because it would 
be less complex and smaller, since a lower limb rig would be required to prevent movement of 
the thigh, pelvis and from the subject from inclining backwards (Arendt-Neilson and Mills 
1985, Moglia et al 1987). Isometric contractions were preferred over isotonic contractions 
because of the requirement for reproducibility and since it is easier to control the forearm 
pulling against a load, rather than pushing, it was decided to measure from the biceps brachii 
instead of the triceps. This simplifies the protocol because electrode sites tend to be hairless
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and easier to determine than for lower limb muscles and it is more preferable for ethical 
considerations.
6 .2 .2  ■nppgjr...limte...risg
From the published rigs that have been used to study the activity of forearm flexors, in 
particular biceps brachii, the most usual position is described below. The subjects sit with the 
shoulder forward flexed at 90° with the upper arm supported in the horizontal plane, often in 
an anatomically shaped stirrup, figure 6 .1.
Fig. 6 .1 Position of upper limb (from Orizio et al 1989)
&  h
The elbow is then flexed, contracting against the load applied. By maintaining the upper arm 
in the horizontal plane biceps brachii is horizontal, which ensures that the force, if applied 
perpendicular to the forearm with the elbow at 90°, is in the same direction as the longitudinal 
axis of the biceps brachii (Vredenbregt and Rau 1973). With the forearm vertical this also 
ensures that its weight does not contribute to the load applied, though other angles can be 
maintained. For a more accurate measurement of the elbow angle the axis of the elbow joint 
should be in line with that of the rig (Jorgensen and Bankov 1971, Bilodeau et al 1992, Rice 
et al 1993), figure 6 .2 . This is necessary because small variations in the angle may cause 
discrepancies in the results (Simons and Zuniga 1970).
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Fig. 6.2 Elbow axis in line with that of the rig
(from Rice et al 1993)
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In most of the published rigs the forearm can be positioned in the range from full supination to 
full pronation (Vredenbregt and Rau 1973, Hagberg 1981, Hagberg and Ericson 1982, 
Nakazawa et al 1993). From the anatomical positions of the forearm flexors, and from 
experimental studies, the optimum position to study the biceps brachii is full supination 
because at this position it produces the maximum signal amplitude (Jorgensen and Bankov 
1971, Hogan and Mann 1980).
In other published rigs, similar to the above, the upper arm is maintained in a vertical position 
by the subject's side with the forearm horizontal (Jorgensen and Bankov 1971, Zipp 1982a, 
Peyton 1987). As before the forearm can be maintained in any position from supinated to 
pronated and it is usual for a support to be provided at the elbow (Reucher et al 1987). 
Modifications to this design forward flex the shoulder by a few degrees, often as a result of 
the experimenter allowing the subject to rest their elbow on the arm of the chair, and then 
maintaining the contraction at a predetermined elbow angle (Kadefors et al 1968, Komi 1973, 
Caldwell etal 1993).
Other rigs maintain the upper arm and forearm in the same horizontal plane (Bouisset and 
Maton 1973, Priez et al 1992, Bilodeau et al 1992), which aims to eliminate the effect of 
gravity on the measurements. For example in the rig shown in figure 6.3, the shoulder is 
abducted to 90° and then the elbow is flexed in the same plane pulling against a load. One
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apparent disadvantage of this rig is that the arm is in contact with the table which may impede 
contraction of the biceps.
Fig. 6.3 Upper arm and forearm both in horizontal plane
(from Priez et al 1992)
One criterion for all rigs is to eliminate the activity of other muscle groups. For the forearm 
flexors one group is those that flex/extend the wrist. If the load to be supported by the 
forearm flexors is placed directly in the palm, as Lynn (1979) and Masuda and Sadoyama 
(1986) do, then the subject may try to use their wrists to assist in the support. Therefore, 
wrist movement must be eliminated by immobilising it or by coupling the load direct to the 
wrist. The most common method found in the literature is the latter, where the load is attached 
to a wrist cuff or strap (Komi 1973, Hagberg 1981, Orizio et al 1989), figure 6.5. This is in 
preference to a custom made splint, which does reduce the risk of wrist flexion but has the 
disadvantage that separate ones are required for each subject.
Similarly it is argued that the upper body and the pelvic region need to be fixed to prevent the 
subject from flexing the arm at the shoulder (Smyth et al 1990) or shifting the lower part of the 
trunk to assist in supporting the load. These are especially true in tests measuring the 
maximum voluntary contraction or MVC. Either may result in the subject adopting a different 
posture between tests. The shoulders tend to be secured by using strapping (Bilodeau et al
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1992) or by using an adapted support (Simons and Zuniga 1970, Rice et al 1993), for 
example the use of an inverted V-shaped pad to prevent posterior and upward movement of 
the shoulder, figure 6.2. For the pelvis, seating the subject on a chair that provides pelvic 
support and an upright back for support may be adequate (Goubel et al 1971, Barry et al 
1990). However, some still decide to strap the pelvis and upper body (Nagata et al 1990, 
Bilodeau et al 1992).
6.2.3 Design specification
From the review of published rigs, and after discussion with a physiotherapist, a design 
specification for a rig was derived. This is listed below:
1. To allow an isometric contraction of the biceps brachii muscle, without any 
impediment to the movement.
2. Position the arm to minimise activity from other muscles that may affect the 
recordings.
3. Posture of the subject to be consistent and repeatable; including the trunk, upper arm 
and forearm.
4. Movement of the shoulder must be eliminated by either using strapping, a support or 
a strict protocol.
5. Eliminate undesired movement of the torso and lower body.
6 . Provide a means of measuring the angle at the elbow.
7. Ensure rig is comfortable for the subject, both when in use and when at rest, and not 
impeding any circulation or nerve conduction.
8 . Rig to allow the forearm position to be in the range from full pronation to full 
supination and during a test to eliminate its rotation.
9. Load is to be supported at the wrist to eliminate moments at the wrist.
10. Ensure that the rig and any fixing straps do not interfere with the contraction or with
any measurement electrodes.
11. If arm fatigues and contraction stops then rig wül allow the fore-arm to 'free-fall' but 
not allow it to go into hyper-extension.
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6.2.4 Muscles that move the forearm
Movement of the forearm can be divided into four groups; flexion, extension, supination and 
pronation, and though all associated muscles are considered the particular muscles important 
to this work are considered in more detail (Williams and Warwick 1980), figure 6.4. For this 
work the forearm was fixed in a mid-position with flexion of the elbow joint to 90® and 
measurements were recorded from the skin surface overlying the belly of the biceps brachii.
Fig. 6.4 Muscles that move the forearm - excluding pronator quadratus
(from Tortora and Anagnostakos 1987)
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Biceps brachii - Biceps brachii has two heads of origin; the long head originates from the 
tubercle above the glenoid cavity and the short head originates from the coracoid process of 
the scapula, and its tendon inserts into the radial tuberosity and the bicipital aponeurosis. In 
the upper arm biceps brachii is very superficial, being covered only by the fasciae and skin. It 
acts as a supinator, when the movement is rapid or resisted; as a flexor of the elbow joint, 
which is predominantly when the forearm is in a supinated position and a flexor of the 
shoulder joint.
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Brachialis - Brachialis originates from the front of the humerus, passing underneath biceps 
brachii to attach to the ulna tuberosity and the anterior side of the coronoid process. 
Therefore, it acts as a flexor with the forearm in either a pronated or supinated position and its 
action is independent of resistance to or the speed of movement.
Brachioradiaiis - Brachioradialis originates from the lateral supracondylar ridge of the 
humerus and attaches to the lateral side of the radius. Therefore, it is superficial on the lateral 
side of the forearm and acts to flex the forearm at the elbow joint predominantly when the 
forearm is in a mid-position and is used especially in rapid movements or when a large force 
needs to be produced.
Pronator teres - Pronator teres originates from the medial epicondyle and the medial side of 
the coronoid process of the ulna and attaches to the lateral surface of the radius. Its action as a 
pronator is dominated by another muscle, pronator quadratus, but it also acts as a weak flexor 
of the elbow joint.
Pronator quadratus - Pronator quadratus originates from the medial side of the ulna and 
passes lateral to attach to anterior border of the radius. It is the principal pronator, reinforced 
by pronator teres for rapid or forceful pronations.
Supinator - Supinator acts alone in slow and unopposed supination, but for forceful 
contractions biceps brachii assists, particularly when the forearm is flexed.
Triceps brachii - Triceps brachii is the dominant muscle of extension of the forearm at the 
elbow joint and also acts synergically during forceful supination of the semiflexed forearm. 
The action of triceps is assisted by anconeus, but this is considered minimal.
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6.2.5 Rig design
Photographs of the experimental rig being used by one of the subjects are shown in figures
6.5 and 6 .6 . The subject is seated in a standard moulded chair with their chest up against a 
bench. Their right shoulder is forward flexed to 90° and the upper arm is supported from the 
elbow up to the axilla in the horizontal plane. The forearm is flexed at the elbow pulling 
against a load that is applied at the wrist from a pulley system. In figure 6 .5 , the subject is 
shown in the relaxed position in the rig; whilst in figure 6 .6 , the subject has lifted the weight 
and is now maintaining the isometric contraction with the elbow angle at the desired 90°. The 
rig design and test protocol were assessed to be safe and appropriate by a chartered 
physiotherapist.
Fig. 6.5 Subject in a relaxed position within the experimental rig
LOAD SUPPORTING RIG
PULLEY
SUBJECT
m
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Fig. 6.6 Subject maintaining the isometric contraction within the experimental rig
K
To maintain the subject's axilla at the same height as the bench, so the upper arm is always 
horizontal, would require either an adjustable horizontal plane or an adjustable chair. 
However, this introduces another variable in that the same height position will need to be set, 
thus it was decided to use the same chair and maintain the same seating posture. For these 
tests we used an ordinary office chair with a rigid back support to prevent the subject from 
inclining backwards. For the levels of contraction being considered, of the order of 2kg -» 
section 6.4.2, strapping of the torso was not required. During each test the subject was asked 
to try and keep the same position with their torso upright and close up against the bench to 
eliminate rotation of the torso - this was monitored by the investigator and for all tests there 
was no observable shift in the subject's position. The strict protocol also reduced the need for 
the shoulder to be fixed to prevent shoulder movement. The left arm was left in a relaxed 
position on the lap of the subject, ensuring that it did not touch the chair or bench which may 
ground the subject.
The upper arm is constrained in a U-shaped piece of tubing in the horizontal plane, figure 6.7. 
This prevents any rotation of the upper arm and minimises movement at the shoulder. In 
preliminary tests movement of the shoulder and elbow was eliminated by using supports at
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these sites, but it was found that solely keeping the upper arm horizontal and constrained in 
the tubing was satisfactory. Elbow straps also impinged upon the biceps muscle tendon when 
contracting. For subject comfort the U-shaped piece is foam-lined with some edge sections at 
the distal end cut away to ensure that the arm is not impinged upon. Circulation is unaffected 
because the main blood vessels are on the anterior side of the arm, which is at the open side of 
the tubing, and nerve conduction is unimpeded because the constraint is not too tight. This 
part of the rig is securely clamped to the bench for stability.
Fig. 6.7 Experimental rig used in the experiments
The part of the rig that the forearm rests against is a flat section which is foam-lined for 
comfort, though it is unnecessary to constrain it in a U-shaped piece, figure 6.7. The position 
of the forearm needs to be in a repeatable position (Simons and Zuniga 1970) and to isolate the 
biceps brachii activity the forearm was initially supinated, since in this position the biceps 
brachii is the dominant muscle in flexion of the elbow. However, from these tests some 
subjects found this position uncomfortable so this was altered. One thought was to allow the 
subject to supinate their forearm as far as was comfortable for them and then to make a note of
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the position on their records. The advantage of this is that it is a compromise between the 
subject being comfortable and maximising the biceps brachii contribution. However, the main 
disadvantage is that repeatability of the test depends upon a level of subjectivity from the 
subject and measurement of this position. Since one aim is to ensure repeatability it was 
decided to place the forearm in the so-called mid-position, figure 6 .8 , which is mid-way 
between pronation and supination. This was set visually by the investigator by placing the 
back of the fist perpendicular to the rig. In this position brachioradialis acts in conjunction 
with biceps brachii. Though biceps brachii is more dominant in flexion of the elbow joint 
when the forearm is supinated, it is also still very active with the forearm in a mid-position 
(Zipp 1982b). By using electrode sites directly over the belly of biceps brachii, the resultant 
EMG signal will predominantly reflect the activity associated with this muscle and not that 
from brachialis or brachioradialis because of their positions further away. Figure 6 .8  also 
shows that by raising the 'hinged' part above the main sections, the axis of rotation of the rig 
is in line with that of the elbow. This reduces the possibility of the forearm slipping during 
flexion of the elbow and simplifies measurement of the elbow angle. It is valid because the 
elbow joint is classified as a hinge joint and hence is uniaxial (Williams and Warwick 1980).
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Fig. 6.8 Position of the subject's arm in the rig
METAL BLOCK
TO CUSHION FALL
The foreaim is strapped to the rig at the wrist minimising any forearm rotation. A thick strip 
of foam encircles the wrist to prevent the strap from cutting into it. The hand is left 
unstrapped in a semi-clenched position with the fist perpendicular to the rig, figure 6 .8 , which 
was found to be the relaxed position for most subjects. The strap has a quick release 
mechanism for safety reasons. On the underside of the forearm section of the rig is a series of 
attachments, spaced 20mm apart along its length, for the load. This compensates for the 
different forearm lengths between subjects. The advantage of using a discrete number of 
attachments, rather than to allow the load to be attached at any point, is that repeatability is 
maintained by attaching the load to the position which is nearest the subject's wrist and 
repeating this in future tests with the same subject. This eliminates the risk of experimental 
error associated with trying to attach the load to exactly the same position, but one 
disadvantage is that the load may not always be applied directly at the wrist. Safety 
mechanisms have been in-built to prevent the arm from going into full extension rapidly or 
into hyperextension if the arm stopped supporting the load, for example during cramp or
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fatigue, allowing the forearm section to free-fall. This uses a metal block with a firm foam to 
cushion the fall, figure 6 .8 .
The load is coupled to the wrist from a suspended pulley system using string as shown in 
figures 6 .6  and 6.9. The pulley is suspended from a horizontal rod positioned in an L-shaped 
'retort stand', which has its base securely clamped to the bench for stability. Along the 
vertical length of this stand are a discrete number of holes spaced 2 0 mm apart which 
correspond to the holes in the foreaim section of the rig, such that when the elbow is at 90° the 
load is applied perpendicular to the forearm. The rod is secured in one of these holes and the 
pulley is positioned along the rod, using lock nuts - figure 6.9, such that its line of application 
is in line with the holes in the forearm section. This removes any experimental error 
associated with the difficulty to repeat the position of the pulley if the test was repeated on a 
different day, compared to if the pulley position was continuous, for example moving a pulley 
clamp up and down the retort stand. The pulley is enclosed, figure 6.9, so that if the string 
came off, it would still remain in the 'boxed' section of the pulley preventing the arm from 
extending rapidly if the load was allowed to fall.
Fig. 6.9 Pulley section of the rig
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6.2.6 M easurement and monitoring of the elbow angle
The angle between the forearm and upper arm sections of the rig is measured using a servo- 
potentiometer positioned at the axis of the rig, figure 6.5. This is controlled using the DAC 
outputs of the CED-1401 by applying 5V from the DACO across its terminals and using the 
centre tap voltage of the potentiometer to determine the angle. Before conversion the signal is 
decoupled, using a 33nF ceramic capacitor to reduce noise, and buffered, because the 
potentiometer is lOkQ full scale but the CED-1401 recommends a source impedance of less 
than IkD., The potentiometer is set up to operate in its linear range (340° ±4°) over the full 
movement range of the rig and is calibrated, using a standard goniometer used in 
physiotherapy practice, by measuring the output voltage for various angles. Several 
goniometers were tested, including devices based on a spirit level and on a moving axis, but 
an oil damped goniometer was chosen because it could be attached to the rig, it had a flat base 
for stability and it was believed that it could be read more accurately, to within 1°.
To measure the angle at the CED-1401 the angles corresponding to zero (OV) and full scale 
(5 V) needed to be defined in the CED software. Signal Averager. These were determined by 
measuring the output voltage from the potentiometer at 0° and at 90° and then extrapolating the 
line to OV and 5V. From figure 6.10 it was shown that over the range of 0° to 150° the 
potentiometer was linear.
Fig. 6.10 Calibration of rig angle (with error bars)
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At 0° and 90° the output voltage equalled 1277mV and 2602mV respectively. Hence, from 
exü’apolation OV was equivalent to -86.7° and 5V (in practice 4997mV) was equivalent to 
252.7°. Using these values the angle measured using the goniometer was compared to the 
angle measured by the CED-1401 and results showed a maximum error of ±1.5° with 
negligible drift over 24 hours - this was considered acceptable.
For the subject and investigator to know when the elbow is at 90° an LED circuit is used to 
provide visual feedback, figure 6.11. This circuit continuously compares the centre-tap 
output, using a comparator circuit, to two pre defined reference voltages, 2.61V and 2.58V 
from the DACs of the CED-1401. The output from the decoupled OR gate, the 4071 CMOS 
IC, drives the LED circuit which switches on if the angle is outside the prescribed range of 
approximately 89° to 91° set by the two reference voltages.
Fig. 6 .11 Control circuit to monitor angle of rig
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6.3 SURFACE ELECTRODES
6.3.1 Bodv-surface recording electrodes
Surface electrodes are used to interface the EMG from the skin surface to the measurement 
system. Needle electrodes were not used because they are invasive, i.e. inserted below the 
skin, which increases the risk of infection and irritation to the subject. Many different types 
of surface electrodes have been developed, for example flexible, metal plate, suction and dry 
electrodes (Geddes 1972, de Weerd 1984), so the most appropriate for these experiments 
needed to be selected. From an investigation of the general characteristics of surface 
electrodes (O'Connell et al 1960, De Luca et al 1979, Wood 1990) a criteria list was drawn 
up:
1 . small weight for comfort and to minimise movement artefacts.
2 . optimum size.
3. constant contact area to control the source resistance.
3. good adhesive properties.
4. convenient to apply.
5. inexpensive.
6 . no skin irritation.
7. low and stable electrode impedance.
8 . low and stable electrode potential.
9. minimum electrode noise.
1 0 . no restriction of bandwidth.
The electrode selected was the flexible pre-gelled type used in routine clinical ECG and EMG 
studies. In these electrodes the metal is recessed from the skin surface using a pre-gelled 
sponge surrounded by an adhesive ring. The recession reduces any artefacts from the charge 
distribution being altered (Tam and Webster 1977, Ask et al 1979, Odman and Oberg 1982) 
and the gelled sponge and adhesive ring maintains a constant contact area by preventing the gel 
from spreading out (Komi and Buskirk 1970, Girton and Kamiya 1974). These electrodes are 
preferable because they require no preparation by the user, for example the application of a 
gel, which would introduce a potential source of error.
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The electrical characteristics are dependent upon the electrode metal and the electrolytic 
solution or gel. At these interfaces, metal to gel and gel to skin, a phenomenon called 
polarisation occurs. This is the formation of a charge distribution resulting from the difference 
in the character of the charge carriers in the different materials and is both a.c. and d.c. in 
nature. It has been discussed in detail elsewhere (Geddes and Baker 1967, Geddes 1972, 
Mayer et al 1992), but in summary it can be said that it results in interface potentials, an 
impedance and noise effects, all of which may result in the distortion of the bioelectric signal 
(Flasterstein 1966, Kramer 1983). The gel improves the electrical contact by permeating 
through the skin to the underlying tissue fluids (Swanson and Webster 1974, Tam and 
Webster 1977, Nishimura et al 1992). Results from the literature indicate that using a silver 
electrode coated with sUver-chloride (Ag-AgCl), with a gel containing the same halide ion, i.e. 
a chloride based salt, will achieve a low and stable electrode potential and impedance and 
minimal electrode noise levels (O'Connell et al 1960, Lykken 1959, Ask et al 1979, Aronson 
and Geddes 1985). The pre-gelled electrodes being considered were Ag-AgCl with a NaCl 
based gel.
The face-to-face electrode potential and the stability of commercial available flexible pre-gelled 
electrodes were measured using a commercial neurological measurement system. From the 
results and from considering the criteria outlined above the Blue Sensor from Medicotest was 
chosen and from this series the T electrode was selected because of its suitable size, its good 
adhesion even when body hair is present, the hypoallergenic properties of its adhesive and the 
relatively low cost. It is 35mm wide and 45mm long (57mm including connector) and has a 
gelled contact area of about 300mm2 which recesses a silver-silver chloride electrode strip at 
its centre, figure 6 .12. Its press stud cable connector is off-set from the centre of the electrode 
which reduces the risk of artefacts from disturbance of the gel column being pushed against 
when connecting the cable or from the cable pulling from right above the column, as can 
happen in centre-stud varieties.
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Fig. 6.12 Medicotest T-OO-S electrode used in study
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6.3.2 Skin preparation
The surface of the skin presents a hostile environment to the electrodes. Oily secretion from 
the sebaceous glands, the weak saline solution from the sweat glands and the high electrical 
impedance of the stratum corneum all produce a poor electrical contact between the electrode 
and the body. Preparation of the skin surface is designed to reduce these difficulties and 
primarily aims to reduce the contact impedance to ensure consistent and accurate recordings 
(Tam and Webster 1977). Techniques sometimes used in standard clinical practice are 
shaving, cleansing and abrasion.
Though the electrode sponge maintains a constant area its disadvantage is that if it lies over 
body hair then air gaps may form creating capacitive effects and a reduced contact. Thus, the 
skin may need to be shaved (Merletti et al 1990, Helal and Bouissou 1992). For our 
experiments none of the subjects had significant body hair over the biceps brachii muscle so 
shaving was not considered necessary.
In some clinical tests, an alcohol wipe is used to clean the skin to remove grease and dirt, 
ensuring that the skin is allowed to dry before electrode application so that none is left under 
the electrode (Hagberg 1981, Hagberg and Ericson 1982, Merletti et al 1990). However, 
Carim and Hawkinson (1982) state that the use of alcohol may increase the low-frequency
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components, for example below lOHz, or increase the skin-electrode impedance, but reasons 
were not given in the literature. However, Hanish et al (1971) showed that the use of an 
alcohol swab did not eliminate artefacts. Due to the uncertainty for these studies alcohol wipes 
were not used.
Abrading the epidermis reduces the high impedance and thus motion artefacts from skin 
deformation (Tam and Webster 1977, Webster 1984), levels of electrode noise (El-Sherif et al 
1983), the stabilisation time (Gatzke 1974) and the electrical stability of the electrodes (Gatzke 
1974). Abrasion is often using light strokes with a piece of fine abrasive paper to remove the 
layers of dead cells (Nightingale 1958, Tam and Webster 1977), though some use more 
vigorous abrasion often rubbing the skin to redness (Hagberg and Ericson 1982). However, 
vigorous abrasion increases the risk of irritation to the subject and so is generally not used. 
Typically light abrasion reduces the impedance from tens and hundreds of kO to a few kQ or 
below (Cobb et al 1975, Bilodeau et al 1992).
Webster (1984) stressed the importance of standardising skin abrasion. Techniques have been 
published that try to quantify this; for example, the puncture method (Webster and Burbank 
1977, Burbank and Webster 1978) and stripping the epidermis using cellophane (Yamamoto 
and Yamamoto 1976a,b). However, these either require specialised equipment or the results 
have not proven that standardisation has been achieved. An alternative method is to count the 
number of abrasive strokes, though this is also highly inaccurate because of the pressure of 
the strokes being indeterminate. Though by using the measured skin potential as an index of 
stability Tam and Webster (1977) reported that after twenty strokes the potential dropped by a 
significant amount and was close to stability. Despite the non-standardisation, which seems to 
be true unless the skin is invaded, for these tests the skin was abraded using three strokes 
from a very fine abrasive paper. Though for some tests high levels of skin impedance were 
required so no abrasion was carried out.
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One problem associated with the gel-skin interface is the time required for stabilisation. This 
can be accelerated by lightly rubbing gel into the skin prior to application (Nightingale 1958, 
Tam and Webster 1977), however, this results in an unknown contact area so is not 
recommended (Masuda et al 1985). Sufficient time is needed for the sites to stabilise before 
testing; Vredenbregt and Rau (1973) stating that the impedance can drop by as much as 20% 
to 30% of its initial value within the first 5 minutes. Typically the stabilisation time ranges 
from 5 to 20 minutes (Almasi and Schmitt 1970, Tam and Webster 1977, Fowles et al 1981, 
Salter 1981) but depends upon the area, the electrolyte concentration and the condition of the 
surface. A stabilisation time of 10 minutes, recommended by Medicotest, was used in these 
tests.
6.3.3 Electrode positions
Repeatable electrode positions are necessary because the sites determine the area of muscle that 
is monitored, which can affect the signal amplitude (Zipp 1978, 1982b), and the underlying 
tissues between the source and the electrodes, which can result in low-pass filtering effects. 
For biceps brachii, electrodes should be placed along the longitudinal axis of the muscle, 
parallel to the muscle fibres (Zuniga et al 1970, Zipp 1982b), and over the centre of the muscle 
belly (Muro et al 1982, Hagberg and Ericson 1982, Orizio et al 1989, Nagata et al 1990) for 
maximum signal amplitudes. This is because of the increased cross-sectional area, and hence 
number of fibres, and because the innervation zone(s) coincide with the middle third of the 
muscle belly for biceps brachii, section 4.2.1. Some studies indicated that the electrode sites 
should be over these zones, because they can be determined more reliably for each subject 
than using anthropometrical landmarks (Masuda and Sadoyama 1987, Pinzur et al 1987), but 
for biceps brachii differences occur in the innervation zone patterns among subjects, so the 
zones would need to be determined for each subject, increasing the total test time. Additional 
problems are that the zones need to be determined by electrical stimulation and the relative 
positions may change depending on the elbow angle because of the shift in muscle bulk 
(Masuda et al 1985).
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The test procedure to determine the electrode sites over biceps brachii was based on that 
indicated by Zipp (1982b), in which the subject assumed a set posture and the sites were 
determined using the so-called lead line over the muscle bulk and parallel to the fibres. The 
subject stands with their head turned to the left and their arms, held in a neutral position 
between supination and pronation, at their side. This posture was recommended from 
discussion with a chiropracticioner to expose the acromion process clearly, from which 
measurements were taken for the lead-line. It also removes a possible ethical difficulty of the 
requirement for the subject to bare his or her shoulder. The lead line was defined from the 
anterior border of the acromion process to the coronoid process of the ulna, figure 6.13.
Fig. 6.13 Anatomical positions to determine electrode sites
(from Lumley 1992)
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The lead-line length was measured using a flexible tape measure and the first electrode was 
applied at a distance of 60% of the length distal to the acromion process and the second 40mm 
distally as determined in section 6.3.4. Sites lie along the longitudinal axis over the belly of 
biceps brachii. Accurate determination of the line is important because circumferential 
positions around the upper arm must also be maintained for repeatable signals, since Zuniga et 
al (1970) showed significant differences in the EMG signal if the electrodes shifted by as 
much as 20mm along the circumference. The third or reference electrode is applied 50mm
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proximal to the lateral malleolus of the right fibula. This site is considerd to meet the 
requirements of remoteness and equidistant from the input electrodes, section 3.3.1. Other 
reference sites used in tests are the torso, the arms/wrists, the left ankle and on the bony 
prominence of the lateral malleolus.
Since the electrode sites were determined when the elbow was unflexed, the relative separation 
of the electrodes did change when the subject was asked to flex their arm at the elbow when in 
the rig. This change was measured to be anything up to 2mm, so there was never any risk of 
the electrodes touching for any of the subjects. Relative position of the muscle belly to the 
electrodes can also change (Masuda et al 1985), but again for all tests both electrodes remained 
over the muscle belly.
6.3.4 Inter-electrode spacing
The spacing and the size of the electrodes determine the proportion of the muscle from which 
the EMG signal is measured (Komi and Buskirk 1970, Caldwell et al 1993). Though it has 
been shown that there is a negligible effect from the electrode area provided that the spacing 
between the edges of the contact areas is kept constant (Zipp 1978). Thus, the separation is 
the important consideration and needs to be quoted when discussing spectral results.
A reduction in the spacing will reduce the amplitude of the signal and make it less sensitive to 
cross-talk, effects from other muscles, since the depth of recording has been found to be 
comparable to the spacing (Lynn et al 1978, Zipp 1982a). In particular it plays an important 
role in the power spectra, with high frequencies being more attenuated than lower frequencies 
as the spacing increases (Kadefors et al 1968, Kadefors 1973), though reports indicate that 
variations of 5mm to 10mm will not significantly affect the EMG (Ide and Obata 1978 and 
1983). This is because the higher frequencies are generated in fibres immediately underlying 
the surface whereas the lower frequencies are from deeper fibres (Joumee et al 1983).
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The inter-electrode distance used for measuring the EMG depends upon the size of the 
electrode. For the Medicotest T electrode, for which the dimensions have been stated earlier, 
it was decided to use a centre-to-centre spacing of 40mm; in other words a rim-to-rim spacing 
of approximately 5mm. These agree with published work; being from 20mm to 50mm (Lloyd 
1971, Bazzy et al 1986, Peyton 1987, Priez et al 1992). Since motor units in biceps brachii 
have a territory of 5mm to 15mm in diameter, a separation from 35mm to 50mm is sufficient 
to prevent the same motor units having any great influence over both of the input electrodes 
and is considered to be a good compromise with regard to selectivity, representativity and 
signal amplitude (Lago and Jones 1981).
6.4 EXPERIMENTAL PROTOCOL
It has already been discussed that the design of the experimental rig needed to meet a set of 
requirements to standardise testing. In addition the experimental protocol needed to be 
standardised.
6.4.1 Selection of subjects
The study is not a detailed analysis of the EMG signal but rather a study into the effect of 
different referencing systems on the EMG signal. Therefore, even though conclusions from 
the results of different subjects will be compared there will be limited inter-subject EMG 
comparisons. Hence there is no selection criteria for subjects except that the subject needs to 
be able to maintain the contraction for the set time and repeat it again for each test. Thus, the 
factors often used in the selection of subjects for EMG studies are redundant; for example, 
age, sex, fitness and dominant handedness. Subjects with any injury or complaint of their 
right arm are automatically deselected. AH subjects are volunteers from the university.
6.4.2 Load supported at the wrist
In most EMG studies, especially those concerned with ergonomics, the subject is asked to 
perform an MVC to which aU further contractions are normalised. In this study a constant and 
repeatable force is applied to the wrist so MVC measurements are unnecessary. However, an 
approximate mean value is needed to select a load that wUl not cause fatigue, even though this
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is also dependent upon the time of contraction. Reported mean MVCs for the forearm flexors 
performing an isometric contraction as proposed in this study have been reported to be in the 
range of 20kg to 38kg (Simons and Zuniga 1970, Hagberg 1981, Orizio et al 1989). Subjects 
will maintain a sub-maximal contraction in this study supporting a load of 2.4kg, 
approximating to 6.5% assuming a MVC of 37kg. This will cause minimal fatigue (Kadefors 
1973, Zipp 1978).
6.4.3 Contraction and resting times
Contraction times were chosen to minimise fatigue and to satisfy the analysis requirements. 
The subject flexed their forearm with the load supported until the angle at the elbow was 90°. 
After approximately three seconds the data was collected by 'unpausing' the acquisition 
software and two seconds elapse before the subject is asked to relax. This reduces the risk of 
recording any transients at the start or end of the contraction (Orizio 1989). The total 
contraction time of approximately 10s will not cause fatigue (Kroemer 1970).
Even though fatigue should not be experienced the subject will be asked to rest between 
contractions (Vredenbregt and Rau 1973). Published resting times for this level of contraction 
vary from 10s to 30min (Hogan and Mann 1980, Muro et al 1982, Hagberg and Ericson 
1982, Wee and Ashley 1990). In these tests a time of 2 minutes is used to minimise fatigue 
and the subject is asked to perform about ten tests. During these rest periods the subject 
remains in the rig to maintain the same position for the next test.
6.4.4 Test protocol
Approval for the study was granted from the University of Surrey's Advisory Committee on 
Ethics. Prior to testing, written consent was required from each subject, the experimental 
procedure was explained and the assessment and questionnaire was completed. Details 
obtained from these questionnaires of the subjects used in the trials are in appendix C. Prior 
to the data collection session the subject is allowed to 'get a feel' for the rig when unloaded 
and loaded. This is a similar approach to that suggested by Rice et al (1993), since the subject 
must feel comfortable to prevent them from wanting to shift their position during a test. The
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investigator uses this time to ensure that the ai m does not slip and that the elbow axis remains 
in line with that of the rig. During a test the subject is asked to look at the 90° indicator and 
not at the computer screen with displayed EMG data.
6 .5  CONCLUSIONS
An experimental rig has been designed and built to minimise the activity of other muscles 
during the conti action of the biceps brachii muscle. This is supported by a strict protocol, for 
example determination of the electiode positions, which has been designed in accordance with 
published work. These are used with the described instrumentation system to enable the 
analysis and direct comparison of different referencing systems.
124
Chapter 7
DATA ACQUISITION PARAMETERS AND ANALYSIS 
PROCEDURES
7.1 INTRODUCTION
The EMG signals, which were measured using the described system, were interfaced to a 
remote computer using the CED-1401 interface unit. Sampling was controlled by one of the 
CED custom programs. Signal Averager. The sampled data is stored in a format that is 
portable between the CED analysis packages and these include programs which can analyse 
signals in both the time and frequency domains. In this chapter, the acquisition of the EMG 
data is discussed followed by a discussion of the analysis procedures used to compute the 
recommended signal characteristics identified in chapter 4.
7.2 DATA ACQUISITION PARAMETERS
For data acquisition using Signal Averager the parameters are defined by a file which includes 
user-defined fields, such as the sampling frequency and which channels to sample. It also 
defines the number of sweeps of data to be collected, which is used to counteract the hardware 
limitation that for the standard CED-1401, which was used in this work, the maximum 
number of samples per sweep, if the raw data is saved, is 25000 over all the used channels. 
For this work three sampling parameter files were defined; Trial2.spr, TrialS.spr and 
Medelecl .spr, because both the measurement system developed and the Medelec systems 
were used and because of problems associated with latencies between consecutive sweeps, 
section 7.5.3. Trial!.spr and Trial3.spr were used with the developed system, whereas 
Medelec 1 .spr was used with the Medelec system. The fields defined in these parameter files 
are outlined in table 7.1 with the DAC outputs which are used to monitor the angle of the lig, 
section 6.2.6.
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T able 7.1 S ampHng parameters
Parameter field Trial!, spr Trials.spr M edelec l.spr
ADC channels 0, 1 ,2 0 0
Sampling rate 5kHz 5kHz 3.2kHz
Sweep length 1.6s (8000 points) 4.3s (21504 points) 5.0s (16000 points)
Number of sweeps 3 1 1
DAC outputs: DACO 5V - te servo-potentiometer
DACl 2.61V - controls 90*^  monitor (91®)
DAC2 0 - not used
DAC3 2.58V - controls 90® monitor (89®)
Since the subsequent analysis must use all the data the raw data is saved, rather than an 
average, and writing to disk is paused to allow the user to check the input signal before 
writing. The data is subsequently displayed at the end of each sweep to observe if any 
measurement errors occured. Since averaging is not used, a trigger is unnecessary, but to 
ensure that the full 25000 points can be sampled the CED is led to believe that Post triggering 
is used. When sampling a signal, it is recommended that the sampling frequency is set to 
between four to five times the highest frequency in the signal to minimise the effects from 
aliasing, section 7.5.2. Therefore, the sampling frequencies were defined as 5kHz for the 
developed systems, using the REF-OOn preamplifiers, and 3.2kHz for the Medelec system, 
because the high frequency cut-off frequencies were set at approximately IkHz and 800Hz 
respectively.
In the first set of subject tests three channels were sampled, the low pass and notch filtered 
EMG and the rig angle, using the Trial!.spr, file. However, from the results it was decided 
that only one channel needed to be collected, the low passed filtered signal. This was also 
decided in conjunction with the problems associated with multiple sweep sampling. Due to 
the CED-1401 limitations, the maximum number of samples per sweep over all the used 
channels was 25000 and the maximum number of points which could be loaded into the 
spectral analysis package. Waterfall, was 24000. Therefore, for the initial tests using 
Trial!.spr which sample three channels, to collect a long enough signal length to analyse, 
approximately four seconds, three sweeps were collected, each of 8000 points or 1.6s. As
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discussed in section 7.5.3, the latencies between the sweeps introduced problems when 
calculating the spectrum of the complete signal, so the file needed to be revised. This revised 
file. Trials.spr , only sampled the one channel of data, primarily because of memory 
limitations in the computer and because the rig angle was monitored using an LED circuit, and 
so by extending the sweep length only one sweep needed to be collected. From considering 
the frequency domain analysis, the sweep length was 21504 points, or 4.3s, because this 
allowed exactly 20 FFT slices of 2048 points, with a 50% overlap, to span the 4.3s of data. 
For the Medelec tests, only one sweep was collected and this was 16000 samples in length, 
5.0s.
7.3 SIGNAL PARAMETERS
The parameters which were identified as possible measures to quantify the EMG signal are 
reiterated below.
(a) Parameters measured from the time domain
Smooth rectified average - calculated as an average from a number of blocks 
Amplitude of 50Hz signal when very dominant
(b) Parameters measured from the frequency domain 
Absolute amplitudes for specific frequencies
Median frequency
General assessment of spectral shape; including distribution and frequency-band power 
percentages
7.4 TIME DOMAIN ANALYSIS
In addition to being used in the data acquisition Signal Averager was also used in the analysis 
of the EMG signal in the time domain. It computes parameters over a 16000 sample data 
buffer, where the buffer size is limited by the CED-1401, and offers the option of setting 
baseline markers, to determine which part of the buffer to examine. Over this defined range 
different mathematical computations can be performed; including three or five point 
smoothing, full-wave rectification, d.c. level subtraction, mean level and area calculations, 
slope values and peak values.
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For this work, the EMG signal was divided into consecutive segments of data of size 500ms. 
Since these tests used the file Trial!.spr, three segments were defined for each sweep, only 
considering the first 1.5s of data. For each segment the mean level was calculated, after the 
d.c. level had been subtracted and the signal full-wave rectified. This mean is directly 
proportional to the area under the rectified signal and approximates to the iEMG. The final 
smooth rectified average is the average of these levels from the nine segments. Inherent in 
this is a statistical variation, inversely proportional to the number of values averaged, 
assuming each sample is statistically independent. The amplitude of any dominant 50Hz 
component is measured direct from the Signal Averager display.
7.5 FREQUENCY DOMAIN ANALYSIS
7.5.1 In tro d u c tio n
Analysis in the frequency domain is more detailed than in the time domain, because of the 
added signal processing needed to compute the spectrum, which characterises a signal into its 
constituent frequencies. For this work the spectral analysis package from CED, Waterfall, 
was used. This data file is loaded into a buffer of up to 24000 samples, within which data 
blocks are defined, figure 7.1, and the spectrum calculated for each one.
Fig. 7.1 Waterfall data buffer and data blocks
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These spectra were viewed in the so-called ’Waterfall' display, which is a three-dimensional 
plot with the third axis being time, figure 7.2, and from these an average may be taken of all 
the power spectra from which characteristics could be calculated.
Fig. 7.2 'Waterfall' display
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From this averaged spectrum, a cursor was used to read off absolute values and also by 
calculating the frequency which equally divided the power spectrum into two, the median 
frequency was calculated. Similarly the spectrum was divided up into defined frequency 
bands and the percentage power of the total signal was calculated for each band. Ten 
frequency bands were used, because this was the maximum allowed by Waterfall, and these 
were 0-19.5Hz, 19.5-39.1Hz, 39.l-61.0Hz, 61.0-80.6Hz, 80.6-100.1 Hz, 100.1-119.6Hz, 
119.6-139.2Hz, 139.2-161.IHz, 161.l-180.7Hz and 180.7-200.1 Hz. For most results at 
least 99% of the total power was within the 0 to 200.1Hz frequency range, so it was not 
considered that more bands were needed. The resultant spectrum is dependent on several 
parameters which are used in its calculation, such as the number and size of the blocks and 
data windowing. These parameters were defined following an investigation into how 
individual spectra are constructed and the effect from frequency domain analysis parameters 
and these are discussed in the following sections.
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7.5.2 Inaccuracies from the Fourier Transform algorithms
The spectrum of the sampled signal is calculated using algorithms called fast Fourier 
transforms, or FFTs, which result in considerable savings in the computation time (Cochian et 
al 1967, Berg land 1969). Inaccuracies, i.e. aliasing and leakage, occur in the spectrum as a 
result of sampling and from using blocks of finite size.
Aliasing results from the sampling frequency being too low, where frequency components in 
the input signal which ai e higher than half the sampling rate will produce eiToneous frequency 
components within the spectrum (Cooley et al 1967, Bendat and Piersol 1971, Lynn 1987). 
Though the highest frequency that may be processed without distortion is equal to half the 
sampling frequency, referred to as the Nyquist frequency, it is recommended that to minimise 
errors the sampling rate should be set to about four or five times the highest frequency in the 
input signal (Challis and Kitney 1991b). Hence for this work the sampling frequencies were 
set to 5kHz and 3.2kHz for the REF-OOn and Medelec systems respectively.
Spectral leakage is from the FFT algorithm assuming that the data is periodic of N samples 
which effectively results in the data being wrapped around, referred to as circular convolution 
(Challis and Kitney 1991). This presents a problem when N is not an integral number of the 
signal's time period for a particular frequency component, because discontinuities then exist at 
the boundaries. This causes leakage from one frequency band to another and this can mask 
out smaller frequencies in the spectrum. The signal energy is expressed in frequency bands, 
which extend half way to the previous and half way to the next defined frequency, because the 
sampled signal is not continuous. It is minimised by the choice of the particular window 
used, which is discussed later.
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7.5.3 Characteristics of data blocks
Selection of the characteristics of the data blocks have a marked influence on the final 
spectrum, but all spectral estimates are compromises between these characteristics, i.e. the 
resolution, the variance and the bias (Challis and Kitney 1991). For comparison, a summary 
of the characteristics used in some of the published surface EMG analyses is contained in table 
7.2.
Table 7.2 Spectral characteristics for surface EMG analysis
Reference fs/Hz Slice size No. of slices Total time Overlap Window
Kwatny et al 1970 2500 3096 (1.23s) 8 3s 20% Hamming
Zipp 1978 512 256 (500ms) 32 16s Head-tail -
Hogan and Mann 1980 2048 512 (500ms) 50 25s - None
Petrofsky 1980 4096 1024 (250ms) 16 4s Head-tail -
Inbar and Noujaim 1984 1000 256 (500ms) 10 5s Head-tail Hamming
Merletti et al 1990 1024 512 (500ms) 2 Is Head-tail -
Hagg 1991 2048 2048 (Is) 32 6s 84% Hanning
Helal and Bouissou 1992 1000 512 (512ms) 16 8.2s Head-tail -
Priez et al 1992 2000 1024 (512ms) 16 8s 2.50% Hanning
Zhang et al 1992 1000 512 (500ms) 10 5s Head-tail -
(a) Size__of data blocks
The size of the data block is chosen from considering three factors:
1. enough points to provide the required frequency resolution
2. the signal is stationary over the block length
3. to allow sufficient blocks to be averaged in the total record length
The frequency resolution of the spectrum is equal to fg/N, where fg is the sampling frequency 
and N is the number of points used in the block (Challis and Kitney 1991), and is selected to 
allow the FFT algorithm to adequately discriminate between the frequencies of interest. It 
does not affect the bias, the variance or the accuracy of the spectrum. Methods used to further 
increase the block size, and hence the resolution, by adding zeros to the data, called 'zero 
padding', are not used because of loss of accuracy (Welch 1967, Bergland 1969). From 
considering the spectral resolutions and from visual inspection of EMG spectra using different 
block sizes, it was considered that the maximum block size allowed by Waterfall was needed. 
This was 2048 points which resulted in a spectral resolution of 2.4Hz for the REF-OOn and
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1.6Hz for the Medelec systems. This block size results in a block duration of 409.6ms for the 
REF-OOn systems and 640ms for the Medelec system. These durations satisfy the condition 
from published work, which indicates that the EMG is stationary over a period from 100ms to 
Is - section 4.3, for the transform to be accurate.
(b) Averagings/Smoothing
Possible ways to reduce the variance in a spectrum are either to smooth the spectrum or to 
average successive spectra (Kadefors et al 1973, Yuen 1978). To smooth a spectrum an 
algorithm is used at each frequency to calculate an average between its spectral value and 
neighbouring values (Bendat and Piersol 1971, Challis and Kitney 1991). However, though 
the general shape remains approximately the same, because the peak values are reduced with 
increased smoothing this method is not used for this work. Similarly smoothing the raw 
signal prior to the spectrum being calculated is not used.
For averaging, the spectra from successive data blocks are calculated and then averaged to 
smooth out any spectral variations. From an analysis it can be shown that the variance is 
inversely proportional to the number of blocks averaged (Welch 1967, Bendat and Piersol 
1971, Harris 1978). This technique is preferred to smoothing the spectra. However, for a 
given data recording length, if the size of the blocks are reduced to increase the number of 
blocks then this is at the expense of a degradation in the spectral resolution (ChalUs and Kitney 
1991). Therefore, a compromise must be made between the resolution and the number of 
blocks.
(c) Overlapping of data blocks /
If the data was being processed in real time then it may be advantageous to use blocks that 
were non-overlapping and to minimise the variance the number of blocks should be 
maximised by using them head-to-tail. However, for this work the data was previously 
recorded, so to obtain the smallest variance it is recommended that the blocks are overlapped 
by 50% (Press 1988), figure 7.3.
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Fig. 7.3 Overlapping of data blocks
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This corrects for the disproportionate weighting of the data by using the Hanning window 
(Harris 1978, Brigham 1988), discussed in the next sub-section. Overlapping is only accurate 
if the EMG is assumed to be stationary. One problem is the confusion as to whether the data 
can be used twice or if it is truly independent. Harris (1978) shows that independence is true 
with a 50% overlap, whereas Challis and Kitney (1991) show that this is lost if the overlap 
factor is increased. One advantage of overlapping is the increase in the number of blocks 
which can be used in the average. This reduces the spectral variance, with a near maximum 
reduction when the overlap is 50% (Welch 1967, Kadefors et al 1973).
To account for hardware limitations in the CED system, in the first set of trials, using the 
parameter file Trial!.spr, three sweeps of data were collected to increase the total record length 
and hence the number of blocks. These three sweeps were then imported into the Waterfall 
buffer as if all the points were from one continuous sweep. However, due to limitations in the 
graphics used by CED a latency period, of approximately 100ms, exists between successive 
sweeps which resulted in discontinuities in the data between sweeps, figure 7.4 (1 and 2 are 
the latency periods resulting in the loss of signal information).
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Fig. 7.4 Data discontinuities from latencies between sweeps
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Prior to these discontinuities being observed ten data blocks were defined over the total record 
length of three sweeps. Therefore, the 4th and 7th blocks overlapped the two discontinuities 
between sweeps 1 and 2 and between 2 and 3 respectively. These discontinuities are 
represented as the vertical lines at approximately 1.6s and 3.2s in figure 7.5.
Fig. 7.5 Discontinuities between sweeps being bridged by data blocks
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This resulted in the spectra for these blocks and the final spectrum being distorted, with 
increased smearing and reduced peaks. However, the extent depended upon the nature of the 
discontinuities, for example some were more obvious than others from visual inspection of the
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data. Therefore, for data which was sampled using Trial2,spr care was exercised not to 
overlap the discontinuities and hence only nine blocks were used. However, this introduced 
the difficulty that the blocks could not be overlapped by 50%, since this would mean a definite 
overlap of a discontinuity, but this compromise of not overlapping data blocks and hence their 
reduced number needed to be made to avoid overlapping the discontinuities. For the later 
tests, using the sampling file Trial3.spr, and for the Medelec tests this difficulty was removed 
because only one sweep was sampled.
(d) Windowing of input data
Windowing of the input data is used to control the inaccuracies from the assumptions made in 
the FFT algorithm that the data is periodic and of a finite length. Prior to the FFT being 
calculated the data in the input signal block is multiplied point-by-point with the data in the 
window array, which is equivalent to the two transforms being circularly convolved in the 
fi*equency domain (Challis and Kitney 1991). Many windows have been designed for specific 
applications, such as the Hanning and the Tukey, but the selection depends upon which 
inaccuracies need to be controlled. The transform of a general window has a main lobe at zero 
with side lobes neighbouring it on either side (Geckinli and Yavuz 1978) and figure 7,6 
shows the commonly used Hanning window, which is from the family of raised cosine 
windows, in the time domain and its resultant transform.
Fig. 7.6 Hanning window in time and frequency domain
(from Harris 1978)
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(a) Cos* (ttn/N) window, (b) Log-magnitude of transform.
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When the data is multiplied by the window there is a reduction in the total power of the signal. 
To correct for this Waterfall prompts the user to input a factor, called the ’Power factor of 
window', to restore the power loss in the resultant spectrum. This is equal to the fraction of 
the original power left in the data after the window is applied and is a constant used to scale all 
frequencies across the spectrum. It was calculated for each window by setting it to unity 
(0.999 in reality for the CED) and measuring the total power from the Waterfall results. This 
unity factor represents the case as if there was no loss in power, so by knowing the true 
power in the original signal the new power, and hence the factor, can be scaled down from 
this over-estimated value. The calculated ' power factors' for each window are given in 
brackets; Rectangle (0.999), Triangle (0.335), Hanning (0.375), Hamming (0.397) and for 
the Tukey family 25% (0.843), 50% (0.687) and 75% (0.531).
Since different windows have different time domain and transform properties, the parameters 
which are used to characterise the window's properties need to be considered in the selection 
process. However, since it is often the case that several need to be controlled a judicious 
compromise must be made in the selection (Prabhu et al 1977, Geckinli and Yavuz 1978). 
Harris (1978) has examined the parameters of many windows and from this a general 
specification for the window to be used in this work was drawn up:
1. end points at zero to eliminate discontinuities because for this work the data block, 
over which the spectrum was computed, was only part of the total record length.
2. low side-lobe levels to reduce the leakage of spectral power from one frequency band 
to another and to localise the contribution of each frequency.
3. fast roll-off of side-lobes to reduce leakage effects.
4. minimum 3dB main lobe width to maximise the resolution to discriminate between 
different frequencies.
From the results of Harris (1978), the values of the parameters used to characterise the 
windows are shown in table 7.3 for the most common windows. Though more complex 
windows do exist for most analyses the advantages of using a more complex window is 
considered marginal (Challis and Kitney 1991). The time domain signals and transfonns are
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shown in Harris' work, but of these the Hamming and Tukey require some description. The 
Hamming is a modified Hanning with a small, 8%, discontinuity at its end points and the 
Tukey is composed from a Hanning and a Rectangle, with the sharp transitions of the 
Rectangle being replaced by raised cosine sections at the ends tapering to zero, the percentage 
referring to the total raised cosine sections length.
Table 7.3 Parameter values of data windows (from Harris 1978)
Window Peak side-lobe 
level (dB)
Side-lobe fall- 
off (dB/octave)
Scalloping 
loss (dB)
ENBW
(bins)
3dBBW
(bins)
Rectangle -13 -6 3.92 1.00 0.89
Triangle -27 -12 1.82 1.33 1.28
Hanning -32 -18 1.42 1.50 1.44
Hamming -43 -6 1.78 1.36 1.30
Tukev 12.5% -14 -18 2.96 1.10 1.01
Tukey 50% -15 -18 2.24 1.22 1.15
The peak side-lobe levels and roll-off determine the spectral leakage which result in smearing 
of frequency spikes. However, these two parameters need to be compromised depending 
upon the particular application. If the window is to reject interfering components that are close 
to the main frequency then the immediate side-lobes should be very small. However, if the 
rejection of distant interference is required then the the roU-off needs to be rapid. Scalloping 
loss quantifies the so-called 'picket fence' effect which arises from signal components that are 
outside the integral multiples of fg/N, where fg is the sampling frequency and N is the bock 
size. This parameter is therefore related to the resolution of the spectrum. The equivalent 
noise bandwidth, or ENBW, is defined as the width of a rectangle window with the same 
peak power gain that would accumulate the same noise power as the window under 
investigation (Harris 1978). By minimising this parameter the window aims to reduce the 
contributions for its estimate over its bandwidth because the presence of a wide main lobe 
makes it difficult to discern between particular frequency components (Challis and Kitney 
1991). The 3dB bandwidth (BW) determines whether two different frequencies will exhibit 
two distinct peaks and not be resolved into one peak. It is often used in conjunction with the 
ENBW, as shown by Harris (1978), where the combined characteristic is a good indicator of 
the overall window performance.
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To illustrate the effects from using different windows, the spectra were calculated for a 
windowed sinusoidal input signal. The BASIC program which was used to construct the 
Hanning window is shown in appendix D and the programs to construct the others were based 
around this using the equations developed from Harris (1978). The resultant spectra are 
shown in figure 7.7 and from this a comparison of the windows were observed. Ideally the 
spectrum should be a spike at lOOHz with no leakage into the neighbouring frequency bands.
Fig. 7.7 Effect of windowing on a sinusoidal signal
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The Rectangle had the narrowest main lobe but at the expense of increased spectral leakage 
into neighbouring frequency bands. Compared to the Hanning this could be up to 
approximately 20dB. This leakage was also observed, though to a lesser extent, when the 
Hamming window was used and this was attributed to the discontinuities at the end points of 
the block. The Triangle introduced periodic spikes into the spectrum, but the main lobe was 
slightly narrower than the Hanning window. These spikes were confusing because Harris 
(1978) indicates that these side lobes are at zero which is not true for other transforms. The 
Hanning window exhibited very low side lobes, dropping by about 60dB in lOHz either side 
of the central frequency, and relatively narrow band widths, approximately 5.6Hz at -lOdB 
and 2.2Hz at -3dB from the central frequency. The spectra from the Tukey family of 
windows varied according to the percentage replaced by a cosine taper; as the percentage
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increased then the window behaved more like the Hanning, and as it decreased then more like 
the Rectangle but without the effect from the discontinuities at the end points.
Considering the characteristics of the different windows the Hanning window was selected to 
be used in this work, in accordance with most of the published EMG work. This is because 
its end points are zero and the leakage energy is localised around the main spectral 
components, because of the broader main lobe and lower side-lobe levels. The Rectangle and 
Hamming windows were not selected because their end-points were not zero which resulted in 
significantly reduced fall-off rates of the side-lobes compared to the other windows. 
Considering the peak side-lobe levels and their fall-off rate, the Triangle and the Tukey 
windows compromised one of the characteristics for the other. The Hanning did not 
compromise these as much, but this advantage was at the expense of an increased 3dB 
bandwidth (Bergland 1969), which would result in a degradation in the spectral resolution 
(Geckinli and Yavuz 1978). To counteract this the data block must be made as wide as 
possible for maximum resolution before windowing. However, since for this work the 
reduction of spectral leakage is very important and because for the Hanning 99.95% of the 
total energy is contained within the major lobe (Harris 1978), this disadvantage is tolerated.
7.5.4 Sum m ary
For all subject tests the sampled EMG signals were loaded into the Waterfall buffer and over 
this buffer data blocks of size 2048 samples were defined. The spectrum for each block was 
then computed using the Hanning data window and the spectra were averaged for the final 
result. Before averaging the d.c. component was removed, because this could arise from the 
electronics or electrodes and not necessarily from the EMG or referencing system. However, 
the number of blocks and the overlap factor were defined according to the parameter füe used 
to sample the data.
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Trial2.spr - This file was used in the earlier trials. For the analysis, the three sweeps, each 
of 8000 points, were loaded into Waterfall and 9 blocks were used with no overlap.
Trials.spr - This file was used in the later trials. For the analysis, the one sweep of 21504 
points was loaded into Waterfall and the number of blocks was increased to 20 with an 
overlap factor of 50%.
Medelecl.spr - For the results sampled from using the Medelec system, the transient 
problems in the first 200ms of data were overcome by only loading 15360 points, ignoring the 
first 639. Over these 15360 points 14 data blocks were defined with an overlap factor of 
50%.
7.6 ACCEPTABLE TOLERANCE MARGINS FOR THE RMG PARAMETERS
Due to the variation observed in the results from published EMG work, tolerance margins for 
the calculated parameters from the EMG signal were defined which were considered to be 
acceptable. These could then be used to attempt to quantify the level of similarity between 
signal parameters. These were defined according to limitations of the measurement system 
and data acquisition and analysis software, but for some a judicious estimate needed to be 
made. Similar tolerance margins have not been identified from the published literature. 
Therefore, a recommendation for further work is a more detailed examination of the acceptable 
tolerance margins, section 12.2.1 (c).
Smooth rectified average:
The tolerance margin between results for the smooth rectified average was assumed to be 
10%. However, since this is an estimate this requires further investigation.
Median frequency:
Due to spectral spreading from windowing the data, the acceptable tolerance margin for the 
median frequency was defined to be the width of two frequency bins either side. Since the 
frequency resolution is approximately 2.4Hz and 1.6Hz for the data sampled from the REF- 
OOn and Medelec systems respectively, a tolerance margin of ±5Hz was defined. This is
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below the predicted variation of ±12Hz due to the randomness of the EMG (Merletti et al
1990X
Spectral amplitudes:
The tolerance margin for the amplitudes measured from the spectrum was defined as ±5dB. 
This accounts for the effects from spectral spreading which results in reduced amplitudes at 
the spectral peaks, as compared to the measured amplitudes from the time domain. This error 
has been shown to be 3dB.
Percentage power values in defined frequency bands:
The tolerance margin between the percentage power values was assumed to be 5%. However, 
this requires further investigation.
7.7 DIGITAL FILTERING OF RMG SIGNALS
Though the sampling frequency, when using the REF-OOn preamplifiers, was set to 5kHz to 
minimise aliasing, spectral analysis of the earlier tests resulted in aliased signals at 1.6kHz and 
2.2kHz from the 7660 voltage converter IC, section 5.6. In later tests these were removed 
using an anti-aliasing filter, but to calculate spectral parameters for the earlier tests which were 
accurate required that these aliases to be removed. Therefore, the sampled data was digitally 
filtered using software from CED, a digital filtering program within the CED Filing System 
Toolkit. From this software a custom-written filter was used, the lp200250, which, for a 
sampling frequency of 5kHz, had a pass-band from d.c. to IkHz and a stop-band, with an 
attenuation of -40dB, from 1.25kHz to 2.5kHz.
However, digital filtering results in errors because of its inherent algorithm. The CED 
algorithm uses a set of 39 coefficients, whose values determine the frequency response of the 
digital filter, which move across the input data, whilst a point-by-point multiplication is 
performed to produce the resultant filtered data (Williams 1986). At the start and the end of 
the input data, where half of the coefficients lie outside the input data, zeros are added by the 
software for the multiplicative calculations. These result in errors in the filtered data for the
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first and last (N - l)/2 values, where N is the number of coefficients, or 19 for the lp200250y 
causing an effect similar to ringing in the filtered data, figure 7.8. Since this effect may affect 
the parameters measured from the time domain or the spectrum of the signal, at least the first 
and last 20 points needed to be omitted from any subsequent analysis of digitally filtered input 
data.
Fig. 7.8 'Ringing' effects from added zeros
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The result from digitally filtering one of the EMG data files showed that the aliased 
components were eliminated and in the pass-band, d.c. to IkHz, the pre- and post-filtered 
signal overlaid each other, except where the original signal resulted in a minimum amplitude of 
-72dB which caused distortion for the digital filtering accuracy. Since the aliased signals were 
outside the frequency range of interest, 3Hz to IkHz, they were ignored in the visual spectra. 
However, to calculate the spectral parameters, such as the median frequency, each file was 
digitally filtered using the lp200250 filter. Since three sweeps were sampled, over the total 
24000 points there were four sections which contained the ringing effects. These were at 
points 0-20,7980-8020, 15980-16020 and 23980-24000. Therefore, to maintain 9 data blocks 
and to ensure that none overlapped these areas the first and last 25 points were not loaded into 
Waterfall. Subsequent spectral analysis was then as before.
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7.8 CO N CLU SIO N S
Acquisition of the EMG data and subsequent analysis was controlled using hardware and 
software from CED. The details of the parameter files used to sample the EMG signals were 
included and this highlighted the limitations in the CED system which required multiple 
sweeps to be sampled for some tests. This requirement introduced further problems when the 
data was analysed, especially in the computation of the spectrum of the signal. Three 
sampling parameter files were used for this work and for each file the analytical procedures 
used in the frequency domain were discussed. These procedures were used to analyse the 
results from the subject tests, the results from which are discussed in the next chapters.
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Chapter 8
RESULTS EXAMINING RRPEATABTTJTY OF SIGNAL 
PARAMETERS AND EXPERIMENTAL CONDITIONS
8 .1  INTRODUCTION
The rig and protocol used in the experiments were standardised to try and ensure that the 
muscle activity was approximately the same for each test. Further, to allow the benefits of 
referencing systems to be examined the signal parameters used to quantify the EMG needed to 
be repeatable from test-to-test. Therefore, prior to the main investigation, a series of tests was 
conducted to check repeatability and to confirm the selection of which parameters could be 
used in quantifying the signal. The parameters were selected from the published literature and 
are used to quantify the signal in clinical diagnosis. A tolerance margin has been defined for 
each of these and these are used to show differences in the results. In addition, another series 
of tests was conducted to investigate some of the experimental set-up conditions used, such as 
the rotation of the forearm at the radio-ulnar joint and skin preparation. All tests discussed in 
this chapter follow the protocol in section 6.4, unless otherwise stated.
For the tests all subjects were assigned a name-code reference for ethical considerations and 
this was used to name the data files. For example, s-A-2-04 represents the fifth test, since 
tests started at 00, of the second trial conducted on subject A. In presenting the results, this 
tends to be shortened to sA2-04. Each trial, say sA2, is conducted on the same day and the 
individual tests, from 00 upwards, are consecutive with the subject remaining in the rig 
between tests.
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8.2 REPEATABILITY OF SIGNAL PARAMETERS
8.2.1 Repeatability from test-to-test
(a) In troduction
For two subjects, sH2 and sJ2, a series of consecutive tests was conducted to investigate 
repeatability from test-to-test. The signals were measured using the typical EMG preamplifier, 
REF-001 with either two or three electi'odes, and the parameters were calculated and assessed 
for repeatability. The sampling parameter file used was Trial2.spr, table 7.1.
(b) Res a lls
Smooth rectified average:
From the time domain, the smooth rectified average was calculated for each of the sH2 and 
sJ2 tests, tables 8.1 and 8.2.
Table 8.1 Smooth rectified averages from repeatability tests - sH2
Two-electrode REF-001 (values in mV)
File SH2-00 SH2-01 SH2-02 SH2-03 SH2-04 SH2-05
Average 54.50 52.24 4422 41.19 39.18 40.60
Three electrode REF-001 (values in mV)
File SH2-06 SH2-07 SH2-08 SH2-09
Average 2237 19.29 14.15 19.69
Table 8.2 Smooth rectified averages from repeatability tests - sJ2 
Two-electrode REF-001 (values in mV)
File SJ2-00 SJ2-01 SJ2-02 SJ2-03 SJ2-04 SJ2-05
Average 10.31 10.92 16.41 9.01 8.62 7.76
Three electrode REF-001 (values in mV)
File SJ2-06 SJ2-07 SJ2-08 SJ2-09
Average 7.63 7.58 11.21 6.35
For sH2, the much increased values for the two electrode system tests, 00 to 05, compared to 
those from the three electrode system, 06 to 09, showed that there was an increased 50Hz 
component. This was confirmed from the time domain, but was not observed for the sJ2 
results. The results for each subject showed large variations, greater than the acceptable 10% 
tolerance margin, from test-to-test which indicated that this parameter was not repeatable. 
Therefore, the other parameters were examined.
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Visual observations from spectra:
The spectra of the EMG signals were calculated, figures 8.1 to 8.2, and used to assess the 
validity of using spectral measures as repeatable parameters. For each set of tests the 
variability in the data at a given frequency was approximately 5dB, indicating that the spectral 
distributions were similar, except for frequencies below 5Hz which were influenced by 
spectral spread from the d.c, component. This was supported by comparing the spectra of the 
two systems for a particular subject, which showed a strong similarity, except for the large 
50Hz component in the 00 to 05 tests, which was reduced when the third electrode was used. 
Though these visual observations indicated repeatability from test-to-test, this needed to be 
quantified by calculating the median frequencies and the percentage of the total power in 
defined frequency bands.
Power frequencies, including the median frequency:
In addition to the median frequency being calculated, below which lies 50% of the total signal 
power, the frequencies for 75% and 97.5% of the total power were also calculated, tables 8.3 
and 8.4, to give a wider picture of the distribution.
Table 8.3 Power frequencies from the repeatability sH2 tests
Frequency below which lies the 
defined power percentage 
50 % 75% 97.5%Datafile
SH2-00 51.3 51.3 112.3
SH2-01 48.8 51.3 102.5
SH2-02 51.3 51.3 114.7
SH2-03 51.3 51.3 136.7
SH2-04 51.3 51.3 127.0
SH2-05 51.3 53.7 148.9
SH2-06 78.1 102.5 158.7
SH2-07 73.2 102.5 178.2
SH2-08 68.4 92.8 151.4
SH2-09 80.6 105.0 173.3
For the sH2-00 to 05 tests, the large 50Hz component observed on the spectra resulted in both 
the 50% and the 75% power frequencies being approximately at 50Hz. Since the third 
electrode reduces the power at this frequency, for the 06 to 09 tests the 50% power frequency
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was increased to approximately 70Hz to 80Hz, Results from the 97.5% percentage power 
showed a distribution over a wider frequency range, with the average frequencies being 
approximately 124Hz and 165Hz for the two and three elecuode systems respectively.
Table 8.4 Power frequencies from the repeatability sJ2 tests
Data file
Frequency below which lies tlie 
defined power percentage 
50 % 75% 97.5%
SJ2-00 48.8 53.7 112.3
SJ2-01 48.8 58.6 144.0
SJ2-02 48.8 51.3 78.1
SJ2-03 51.3 73.2 195.3
SJ2-04 48.8 56.2 122.1
SJ2-05 48.8 68.4 163.6
SJ2-06 48.8 61.0 127.0
SJ2-07 48 a 68.4 166.0
SJ2-08 46.4 65.9 136.7
SJ2-09 44.0 65.9 156.3
For the sJ2 tests, the peaking at 50Hz also resulted in the median frequency being 
approximately 50Hz for the 00 to 05 tests. However, because this component was not as 
dominant as in the sH2 tests, it did not result in the 75% power frequency also being at 50Hz. 
There was shown to be good matching between the values for the 50% and 75% power 
frequencies, but as before the 97.5% power frequencies were more variable.
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Frequency band percentage power values:
As a more complete representation of the spectral distribution, the percentage of the total 
power in defined frequency bands from OHz to 200.1Hz were calculated, tables 8.5 and 8.6.
Table 8.5 Percentage powers in frequency bands - sH2 repeatability
Frequency 
Range, Hz
sH2-
00
sH2-
01
sH2-
02
sH2-
03
sH2-
04
sH2-
05
sH2-
06
sH2-
07
sH2-
08
sH2-
09
0.0 - 19.5 0.4 0.3 0.5 0.7 0.6 0.8 2.4 4.2 2.6 1.6
19.5 - 39.1 1.4 1.3 1.7 2.9 3.7 2.8 9.6 13.6 11.9 10.0
39.1 - 61.0 91.1 91.9 90.2 81.0 83.6 73.2 19.0 20.7 22.3 20.4
61.0 - 80.6 2.3 2.6 2.4 4.7 3.0 7.6 21.0 17.4 27.7 16.8
80.6 - 100.1 1.8 1.2 1.9 4.2 3.6 5.6 19.9 17.3 15.8 19.1
100.1 - 119.6 0.9 0.8 1.2 2.6 2.6 4.2 15.4 11.8 11.0 18.1
119.6-139.2 0.7 0.4 0.7 1.6 1.0 2.4 7.7 7.6 4.5 6.9
139.2-161.1 0.3 0.3 0.3 0.7 0.5 1.4 2.6 3.9 2.3 3.8
161.1 - 180.7 0.1 0.1 0.1 0.2 0.2 0.5 0.7 1.1 0.6 1.3
180.7 - 200.1 0.1 0.1 0.0 0.1 0.1 0.2 0.4 0.5 0.4 0.5
> 200.1 0.9 1.0 1.0 1.3 1.1 1.3 1.3 1.9 0.9 1.5
Results from the 00 to 05 sH2 tests showed that there was a high percentage of the power 
within the 39.1Hz to 61.OHz frequency range, because of the large 50Hz component. The 
decrease in the percentage from test 00 to test 05 in this band suggested that the electrode 
contacts may have improved over time, reducing the 5OHz component. This was also 
observed from the small reduction in the peaking on the spectra, figure 8.1a. For the 06 to 09 
tests, there was good matching between the results. For these it was shown that the main 
proportion of the EMG signal power was contained within the 19.5Hz to 139.2Hz range.
Table 8.6 Percentage powers in frequency bands - sJ2 repeatability
Frequency Range, 
Hz
sJ2-
00
sJ2-
01
sJ2-
02
sJ2-
03
sJ2-
04
sJ2-
05
sJ2-
06
sJ2-
07
sJ2-
08
sJ2-
09
0.0 - 19.5 2.9 3.7 1.5 5.0 3.7 5.0 5.5 5.9 4.0 11.5
19.5 - 39.1 20.5 15.6 6.0 16.7 13.1 30.2 28.9 30,6 24.5 30.4
39.1 - 61.0 59.5 58.5 88.1 40.3 61.0 28.9 37.8 28.4 41.7 28.3
61.0 - 80.6 9.4 12.2 2.1 17.8 12.7 18.5 16.4 19.1 18.7 14.3
80.6 - 100.1 4.3 4.2 1,1 6.4 4.9 7.3 5.7 6.0 5.7 6.5
100.1 - 119.6 1.5 2.2 0.4 5.2 1.9 3.4 2.7 3.0 2.1 3.2
119.6 -139.2 0.7 1.0 0.3 2.7 1.1 2.4 1.6 2.4 1.0 1.9
139.2 - 161.1 0.7 0.8 0.3 1.4 0.8 1.7 0.7 1.7 1.2 1.5
161.1 - 180.7 0.2 0.7 0.1 1.6 0.3 0.9 0.3 1.2 0.6 0.9
180.7 - 200.1 0.1 0.5 0.0 0.8 0.3 0.5 0.4 0.9 0.3 0.6
> 200.1 0.2 0.6 0.1 2.1 0.2 1.2 0.0 0.8 0.2 0.9
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For the sJ2 tests, there was a larger variation in the results from the 00 to 05 tests, than in the 
sH2 tests because of the wider variation in the 50Hz levels. This resulted in a large difference 
between the maximum and minimum percentages for the 39.1 Hz to 61.OHz frequency band, 
but as before a good match was observed for the 06 to 09 tests. Since the 50Hz signal is 
erroneous to the EMG signal, by considering the three electrode system tests as the truest 
representation of the EMG, there was a good matching for both sH2 and sJ2 between the 
percentage power values in the frequency bands. However, this matching was lost using two 
electi’odes because of the wide variation in the 50Hz peak levels.
(c) -Conclusions
The parameter measured from the time domain, the smooth rectified average, was not shown 
to be repeatable between tests and so was not used in the main investigation. Of the spectral 
par ameters, the median frequency showed the strongest repeatability but as a more quantifiable 
measure of the spectral distribution the percentage powers in the defined frequency bands 
were used. However, these measures need to be used in conjunction with visual observations 
from the spectra, because these were often needed to explain changes to the above parameters.
It is accepted that these tests cannot be considered as exhaustive, because only two subjects 
were used, but from the results and the literature there was confidence in the conclusions 
drawn.
8.2.2 Repeatahilitv from dav-to-dav
(a) In troduction
Similarly the repeatability between tests from day-to-day was assessed, but this was 
conducted to examine the possibility of comparing direct measurements from different tests 
rather than as a requirement for this work to be valid. A series of tests was conducted on 
consecutive days, at the same time each day from the same subject, and the identified 
parameters were used to assess the signals. All tests only used the two or three electrode 
REF-001 preamplifier. The Trial2,spr sampling parameter file was used; using three sweeps 
of data, each 8000 samples in length (1.6s). Therefore, nine blocks were used to calculate the 
smooth rectified average and the averaged spectrum.
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Subjects sA2, sA3, sA4 and sA5 were used.
(b) R esu lts
Smooth rectified average:
In the time domain the smooth rectified averages were calculated, table 8.7,
Table 8.7 Smooth rectified averages from repeatability tests
File SA2-0I SA2-03 SA3-01 SA3-03 SA4-01 SA4-03 SA5-01 SA5-03
Avemge 24.83 20.47 8J8 9.15 13.77 13.73 15.20 17.58
File SA2-00 SA2-02 SA3-00 SA3-02 SA4-00 SA4-02 SA5-00 sA5-02
Average 15.85 27.30 10.36 8.05 15.63 12.41 11.39 20.40
Considering the 00 and 02 tests first, each showed a very significant difference between the 
two values, with percentage differences of 72.3%, -43.9%, -20.6% and 79.2% for sA2, sA3, 
sA4 and sA5 respectively. Further, for the 01 and 03 tests the conesponding differences were 
-17.6%, 4.3%, -0.3% and 15.7%. These were lower than for the 00 and 02 tests and were 
believed to be from increased levels at 50Hz. The variation confirmed the conclusion in the 
previous section that the smooth rectified average was not repeatable from test-to-test. In all 
tests, there was no repeatability between the results on consecutive days so the other 
parameters were considered.
Visual observations from spectra:
The resultant spectia for these tests are shown in figure 8.3. Though the aliased signals at 
2.2kHz and 1.5kHz are outside the frequency range of interest shown in the graphs to 
calculate the percentage powers these components were removed by digital filtering. Only the 
00 and 01 tests have been plotted, because of the repeatability between spectra on the same 
days.
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Fig. 8.3a EMG spectra for repeatability tests between days - two electrode
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Fig. 8.3b EMG spectra for repeatability tests between days - three electrode
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The results show a similar pattern in the spectral distribution, but the spectral lines were not as 
tightly grouped as for the test-to-test results, with a variation being of the order of as much as 
15dB over most of the spectra and higher at the lower frequencies. To quantify this 
distribution the power frequencies and the percentage power frequencies were calculated.
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Power frequencies, including median frequency;
The results from calculating the power frequencies are shown in table 8.8.
Table 8.8 Power frequencies from repeatability spectra 
(01, 03 - two electrode; 00,02 - three electrode)
Frequency below which lies the 
defined power percentage 
50 % 75% 97.5%Datafile
SA2-01 51.3 58.6 134.3
SA2-03 48.8 68.4 139.2
SA3-01 56.2 68.4 109.9
sAS-OS 58.6 70.8 124.5
SA4-01 58.6 73 J 122.1
SA4-03 53.7 70.8 124.5
SA5-01 56.2 73.2 131.8
SA5-03 56.2 78T 129.4
SA2-00 53.7 70.8 141.6
SA2-02 48.8 70.8 163.6
SA3-00 58.6 68.4 112.3
SA3-02 56.2 68.4 129.4
SA4-00 53.7 68.4 131.8
SA4-02 58.6 78.1 122.1
sAS-OO 58.6 75.7 136.7
SA5-02 51.3 73.2 141.6
The results show that most of the signal power lies in the frequencies around 50Hz, even 
though peaking was not observed in the spectra, and that there was relatively no signal power 
above approximately 150Hz. The variation between tests for the median and 75% power 
frequencies were small, but there was a wider variation in the 97.5% power frequency for 
tests on the same day and also on different days. These results did not differ much from those 
measured from the test-to-test repeatability results, sH2 and sJ2, however there was a wider 
variability in the amplitudes between the day-to-day spectra. The exact cause of this was 
unknown, but it may be due to the subject assuming a different posture in each test, though 
not noticeably, which may affect the dominance of the biceps brachii muscle in the 
contraction.
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Frequency band percentage power values:
To quantify the suggestion that the spectral distributions were approximately the same the 
percentage powers in the defined frequency bands were calculated, tables 8.9 and 8.10.
Table 8.9 Percentage powers in frequency bands; two electrode REF-001
Frequency Rîuige, Hz SA2-Ü1 SA2-03 SA3-01 SA3-03 SA4-01 SA4-03 SA5-01 SA5-03
0.0 - 19.5 3.9 5.4 0.5 2.7 4.4 5.0 6.6 4.8
19.5 - 39.1 12.1 20.1 19.4 19.8 18.6 13.2 19.7 16.2
39.1 -61.0 61.3 39.4 39.8 23,2 316 32.0 31.9 3 5 j
61.0 - 80.6 12.1 19.1 28.4 30.9 26.3 21.8 20.5 25.1
80.6 - 100.1 4.3 6.4 7.1 13.6 8.1 11.1 12.1 11.7
100.1 - 119.6 3.3 4.2 3.1 5.9 4.6 4.3 5.4 3.3
119.6 - 139.2 0.7 2.4 1.4 2.3 2.4 1.7 1.9 2.0
139.2 - 161.1 0.8 1.8 0.2 1.3 1.3 0.7 1.0 0.8
161.1 - 180.7 0.7 0.6 0.0 0.1 0.5 0.0 0.4 0.3
180,7 - 200.1 0.4 0.4 0.0 0.0 0.1 0.1 0.2 0.3
> 200.1 0.4 0.2 0.1 0.2 0.1 0.1 0.3 0.0
Table 8.10 Percentage powers in frequency bands; three electrode REF-001
Frequency Range, Hz SA2-00 SA2-02 SA3-00 SA3-02 SA4-00 SA4-02 SA5-00 SA5-02
0.0 - 19.5 6.4 5.9 1.1 1.9 2,9 5,9 3.0 5.0
19.5 - 39.1 22.2 27.7 16.6 14.9 23.7 18.1 18.5 27.2
39.1 - 61.0 28.3 25.2 36.1 37,7 34.6 37.8 33.9 31.3
61.0 - 80.6 24.0 23.3 34.8 32.5 16.5 193 27.5 21.0
80.6 - 100.1 9.8 8.5 7.7 9.6 11.6 11.8 9.5 6,9
100.1 - 119.6 4.8 3.4 2.8 2.0 5.5 4.6 4,2 3.3
119.6 - 139.2 1.7 2.6 0.5 1.4 3.4 1.6 1.7 2.0
139.2 - 161.1 1.3 1.4 0,3 0.0 1.4 0.7 1.5 1.6
161.1 - 180.7 0.8 0.7 0.0 0.0 0.3 0.2 0.2 0.7
180.7 - 200.1 0.2 0.3 0.0 0.0 0.1 0.0 0.0 0.4
> 200.1 0.5 1.0 0.1 0.0 1.4 0.0 0.0 0.6
Results from both tables show that much of the spectral power lies within the frequency range 
19.5Hz to 119.6Hz, with peaking particularly in the 39.1Hz to 61 .OHz range. Above 
1 l9.6Hz the spectrum tailed off, leaving only a small percentage of the power above this 
frequency. For both sets of data there did not appear to be any matching between results from 
one day to the next, but matching between tests on the same day was confirmed. Though this 
was also observed for the 01 and 03 tests, there were two major discrepancies for the power 
within the 39.1Hz to 61.OHz band, for sA2 and sA3, probably because of an increased 50Hz 
level for these tests. Since the percentage power also decreased from test 01 to 03 it indicated 
again that the electrode contacts may have improved, thus reducing the power-line
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interference. From these results it was shown that there was no repeatability between tests 
conducted on different days.
(c) C onclusions
It was concluded that the results did not indicate repeatability in the signal parameters from 
day-to-day. Therefore, for the main subject tests, direct comparisons of the absolute results 
between different trials should not be used.
8.3 EFFECTS FROM EXPERIMENTAL SET-UP CONDTTTONS
8.3.1 Introduction
These tests investigated the effect of different conditions, but not necessarily from reasonable 
variations, used in the experimental set-up. The conditions were selected primarily according 
to which would have a significant effect on the interference levels, such as skin preparation 
and the site of the third electrode. Though different referencing systems were used in these 
trials, including REF-001, REF-004 and REF-005, only the results from the REF-001 tests 
have been presented and discussed. This is because for this work it was not proposed to 
examine in detail the effect from different parameters on the results from different systems. 
However, this may need some consideration in future work. It was assumed that repeatability 
was valid between tests, as shown in the previous section. Since only one subject was used, 
the conclusions from the tests cannot be considered as exhaustive.
8.3.2 Effect of forearm rotation
(a) Introduction
In the main subject tests the forearm was maintained in a consistent mid-position between 
supination and pronation. This was investigated by measuring the EMG when the forearm 
was in a supinated, pronated and mid-position to show whether the rotation of the forearm 
resulted in different levels of electrical activity in biceps brachii. These tests did not attempt to 
show the importance of maintaining the same position for all tests and the same electrode sites 
were used in all positions. Since the results from these tests reflect the electrical activity of 
biceps brachii it was believed that the results would not be influenced by the referencing
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system. Therefore, only the three electrode REF-001 system was used. Subject sK5 was 
used and the positions were shortened to P - pronated, M - mid-position, S - supinated.
(b) R esu lts
The results, figure 8.4, showed that the spectral amplitudes for the supinated and mid­
positions were very similar with a difference of only a few dB, but for the pronated position 
the amplitudes were smaller.
Fig. 8.4 Effect of forearm position; three electrode REF-001
Effect of fore arm ootition-001b + ref. tK5
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Though the amplitudes were different the parameters measured from the spectrum indicated 
that the distributions of the three positions were approximately the same, table 8.11. The 
median frequency was calculated to be 41.5Hz for each of the forearm positions, with none of 
the spectra showing a high 50Hz component, and the percentage powers in the frequency 
bands also indicated a similarity.
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Table 8.11 Percentage powers in frequency bands for different forearm positions
Frequency Range, Hz Pronated Mid-position Supinated
0.0 - 19.5 12.7 9.3 8.0
19.5 - 39.1 29.9 31.0 34.2
39.1 - 61.0 31.0 37.0 32.1
61.0 - 80.6 14.0 12.2 15.6
80.6 - 100.1 7.6 4.3 4.6
100.1 - 119.6 3.1 2.9 1.3
119.6- 139.2 1.0 1.8 1.4
139.2 - 161.1 0.4 0.6 1.2
161.1 - 180.7 0.2 0.3 0.5
180.7 - 200.1 0.1 0.3 0.3
> 200.1 1.0 0.3 0.8
The percentage of the power in the low frequency range, OHz to 19.5Hz, was higher for the 
pronated position because up to lOHz there was minimal difference between the spectra 
whereas in the middle of the spectrum, up to lOOHz, there was a reduced amplitude for the 
pronated position. For frequencies greater than lOOHz, the reduced percentages for all 
positions, are a direct result of the relatively small amplitudes as compared to that at lower 
frequencies.
(c) Conclusions
The results confirm that the electrical activity of biceps brachii is reduced when the forearm is 
in a pronated position and that there is minimal difference in the electrical activity between the 
supinated and mid-positions. This indicates that the decision to use the mid-position for a 
repeatable position did not result in a degradation in the amplitude levels, than if the preferred 
choice of the supinated position was used.
8.3.3 Effect of skin abrasion 
(a) Introduction
Skin abrasion is used to reduce the impedance of the skin-electrode contact, resulting in 
reduced interference levels from both lead and body displacement currents. This was 
investigated by measuring the EMG from unprepared and also from extensively prepared 
sites. First electrodes were applied to the unabraded skin surface and results were collected 
using shielded and then unshielded leads. Both sets of leads were used because interference
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from lead displacement cunents is dependent upon the skin-electrode impedances. The 
electrodes were then removed and the skin was extensively abraded using an abrasive paper. 
Two new electrodes were applied to these sites and signals were collected as before. Subject 
sC4 was used.
( b )  R £ S .u l i s
The reduction of power-line interference following skin abrasion was confirmed for the test 
using the two electrode REF-001 system, figure 8.5. It was also observed that the 50Hz 
component from un abraded sites was the same for both when using shielded and unshielded 
leads. This indicated that the significant proportion of the interference was probably from 
body displacement currents and not from lead displacement currents, assuming that the lead 
displacements increased in unshielded leads. The extensive skin abrasion did not significantly 
affect the EMG spectra for the three electrode REF-001 tests, figure 8.6.
Fig. 8.5 Effect of skin abrasion; two electrode REF-001
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Fig. 8.6 Effect of skin abrasion; three electrode REF-001
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The median frequencies for the tests using shielded and unshielded leads, table 8.12, only 
showed significant differences between the unprepared and abraded sites for the tests which 
used the two electrode REF-001 system with shielded leads. For this result, the frequency of 
the results from abraded sites moved away from the 50Hz frequency because of the associated 
reduced peaking.
Table 8.12 Median frequencies (Hz) for skin abrasion tests
Shielded leads Unshielded leads
Skill prepjiration 2 electrode 3 electrode 2 electrode 3 electrode
REF-(X)1 REF-001 REF-001 REF-001
None 41.5 36.6 36.6 34.2
Extensive abrasion 31.7 31.7 31.7 36.6
The extensive skin abrasion, did not significantly affect the spectral distribution for the three 
electrode REF-001 system for both shielded and unshielded leads, table 8.13. The reduction 
of the 50Hz levels from abraded sites for the two electrode REF-001 system resulted in the 
percentage power in the 39.1Hz to 61.0Hz frequency range being reduced and that of the 
neighbouring lower frequency band increasing, though the summation of the two was the 
same.
159
Table 8.13 Percentage powers in frequency bands for skin abrasion tests
Two electrode REF-001 Three electrode REF-001
Shielded leads Unshielded leads Shielded leads Unshielded leads
Frequency 
Range, Hz
No
prepn.
Extens.
prepn.
No
prepn.
Extens.
prepn.
No
prepn.
Extens.
prepn.
No
prepn.
Extens.
prepn.
0.0 - 19.5 10.6 11.9 8.9 11.1 10.8 8.3 7.8 15.2
19.5 - 39.1 35.5 53.4 45.3 50.5 46.9 59.0 55.4 41.0
39.1 - 61.0 46.4 27.8 37.3 30.4 33.4 26.3 2&8 33.5
61.0 - 80.6 4.9 4.3 5.7 5.7 5.9 4.3 5.3 7.1
80.6 - 100.1 1.1 1.1 1.2 1.1 1.0 0.9 0.8 1.5
100.1 - 119.6 0.7 0.8 0.8 0.7 0.7 0.5 0.7 1.0
119.6-139.2 0.6 0.3 0.4 0.3 0.7 0.3 0.7 0.4
139.2 - 161.1 0.2 0.1 0.2 0.1 0.3 0.1 0.2 0.2
161.1 - 180.7 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1
180.7 - 200.1 0.0 0.0 0.1 0.0 0.1 0.1 0.1 0.0
> 200.1 0.0 0.2 0.0 0.0 0.1 0.1 0.1 0.0
(c) C onclusions
From these results it was concluded that skin abrasion did reduce the 50Hz component, which 
was assumed to reflect the power-line interference, but not other parts of the spectrum. It was 
also observed that for the REF-001 system the 50Hz component was the same, irrespective of 
using shielded or unshielded leads, and from this it was concluded that the significant 
proportion of the power-line interference was due to displacement currents induced into the 
body and not into the leads.
8.3.4 Effect of third electrode site
(a) Introduction
In the protocol the third, or reference, electrode was placed 5cm proximal to the right lateral 
malleolus; a site considered to be remote and approximately equidistant from the two input 
electrodes, section 6.3.3. However, since no standard site is used in the published literature 
on EMG measurements the effect from using different sites was examined. These included 
the corresponding 5cm proximal to the left lateral malleolus, on the anterior aspect of the right 
and left wrist, the stomach and 5cm proximal to the most proximal of the the two input 
electrodes. For this test it was decided to include the results from the REF-004 system to 
investigate whether driving the electrode made any difference to the results. Subject sK6 was 
used.
1 6 0
(b) Results
Observations from the spectra, figures 8.7 to 8.8 indicated that there was no significant 
difference to the recorded signals within the different sites for the third electrode. However, 
in the REF-004 results, the low frequency component below 5Hz varied, but this was 
attributed to the general variation observed in the main investigation, section 9.3.5, rather than 
to the electrode site. There was no significant interference from the power-lines.
Fig. 8.7 Effect of third electrode site; REF-001
Effect of third electrode site - 001 b. sK6
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Fig. 8.8 Effect of third electrode site; REF-004
Effect of third electrode site - 004. sK6
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The median frequencies for the distributions of each referencing system were approximately 
the same irrespective of the third electrode site, table 8.14.
Table 8.14 Median frequencies (Hz) from tests examining third electrode site
Fore-arm position REF-001 REF-004
Right ankle 41.5 34.2
Left ankle 41.5 34.2
Right wrist 44.0 34.2
Left wrist 41.5 31.7
Stomach 39.1 34.2
Near input electrodes 41.5 36.6
No third electrode 41.5 -
Results from calculating the percentage powers in the frequency bands, tables 8.15 and 8.16, 
confirmed the similarity between the distributions for the different sites.
Table 8.15 Percentage powers in frequency bands - REF-001
Frequency 
Range, Hz
Right
ankle
Left
ankle
Right
wrist
Left
wrist
Stomach Near i/p 
elecs.
No third 
eiec.
0.0 - 19.5 6.9 6.9 7.6 8.7 14.0 10.4 10.0
19.5 - 39.1 34.1 35.6 30.5 36.2 36.2 3^3 33.9
39.1 - 61.0 42.3 35.0 38.7 36.7 32.7 37.2 36.5
61.0 - 80.6 9.6 13.9 12.6 10.2 9.6 9.5 9.8
80.6 - 100.1 3.1 4.1 4.6 3.5 3.2 4.6 4.7
100.1 - 119.6 2.1 2.3 3.3 2.5 2.1 2.2 2.8
119.6 - 139.2 0.9 0.9 1.3 1.0 1.0 1.3 1.2
139.2 - 161.1 0.4 0.4 0.5 0.5 0.4 0.5 0.4
161.1 - 180.7 0.3 0.4 0.4 0.3 0.4 0.4 0.2
180.7 - 200.1 0.2 0.3 0.3 0.2 0.3 0.4 0.2
> 200.1 0.1 0.2 0.2 0.2 0.1 0.2 0.3
Table 8.16 Percentage powers in frequency bands - REF-004
Frequency 
Range, Hz
Right
ankle
Left
ankle
Right
wrist
Left
wrist
Stomach Near i/p 
elecs.
0.0 - 19.5 15.8 14.0 17.8 20.6 15.4 15.5
19.5 - 39.1 39.6 47.2 40.7 41.1 44.7 41.9
39.1 - 61.0 33.0 28.4 31.2 29.1 30.1 32.7
61.0 - 80.6 7.6 6.8 6.9 6.5 6.2 6.6
80.6 - 100.1 1.6 1.6 1.5 1.2 1.9 1.7
100.1 - 119.6 0.7 0.4 0.6 0.5 0.5 0.8
119.6 -139.2 0.1 0.2 0.1 0.1 0.2 0.1
139.2 -161.1 0.0 0.0 0.0 0.0 0.0 0.0
161.1 -180.7 0.0 0.0 0.0 0.0 0.0 0.0
180.7 - 200.1 1.3 0.0 0.0 0.0 0.0 0.0
> 200.1 0.3 1.4. 1.2 0.9 1.0 0.7
1 6 2
(c) Conclusions
There was no significant difference between the spectral results for the different sites of the 
third electrode. This indicated that the third electrode did not need to be placed remote and 
equidistant to the two input electrodes. Also driving the third electrode did not affect the 
results, even when the third electrode was very close to the input electrodes.
8.3.5 Effect from movement of the electrode leads
(a) Introduction
Though interference from movement of the electrode leads was not considered as a possible 
source because the leads remained stationary, its effect was examined in this test. Using both 
shielded and then unshielded leads, the input leads and also the reference lead were moved 
vigorously using a pencil, so that the investigator would not become part of the 'circuit'. 
Every attempt was made not to cause the leads to pull on the electrodes. Subject sK8 was 
used.
(b) R esults
For the REF-001 system, using both two and three electrodes, the effect from moving the 
electrode leads did not significantly affect the spectrum when the leads were shielded, figure 
8.9. However, when unshielded leads were used, movement of the input leads resulted in 
approximately a lOdB increase in the amplitude at the lower frequencies, up to 20Hz, but no 
change to the spectra above 20Hz, figure 8.10. Movement of the reference lead did not cause 
spectral changes.
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Fig. 8.9 Effect of lead movements; REF-001, leads shielded
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Fig. 8.10 Effect of lead movements; REF-001, leads unshielded
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For REF-001, the median frequencies calculated from a normal test were 41.5Hz and 44.0Hz 
for the shielded and unshielded leads respectively. Corresponding frequencies for the tests 
which moved the leads are contained in table 8.17. The results confirm the shift in the signal 
power to the lower frequencies when there is movement of unshielded input leads.
Table 8.17 Median frequencies (Hz) from lead movements
Lefid movement Two elecu*ode REF-001 Three electrode REF-001
Shielded input leads 46.4 41.5
Unshielded input leads 31.7 29.3
Shielded ref. lead — 41.5
Unshielded ref. lead - 41.5
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Similarly the results from calculating the percentage powers in the frequency bands, table 
8.18, showed this shift to the lower frequencies, OHz to 19.5Hz, when unshielded input leads 
were used. This was not evident when the leads were shielded.
Table 8.18 Percentage powers in frequency bands 
from lead movement for REF-001
Shielded leads Unshielded leads
Frequency 
Range, Hz
3 elecs - 
Normal 
test
3 elecs - 
move 
i/o leads
3 elecs 
-move 
reflead
2 elecs - 
move 
i/p leads
3 elecs - 
Normal 
test
3 elecs - 
move 
i/p leads
3 elecs 
- move 
reflead
2 elecs - 
move 
i/p leads
0.0 - 19.5 8.3 10.8 11.1 8.3 9.0 33.5 10.1 35.4
19.5 - 39.1 33.0 33.6 32.6 29.0 33.6 28.5 35.5 27.5
39.1-61.0 39.9 35.5 33.0 40.9 35.9 21.3 36.4 23.1
61.0 - 80.6 13.4 12.7 14.1 13.7 13.8 10.0 11.6 8.7
80.6 - 100.1 2.7 3.6 4.6 3.4 3.9 3.5 2.8 2.4
100.1 - 119.6 0.9 1.6 2.0 1.8 1.3 1.2 1.1 1.2
119.6 - 139.2 0.8 1.0 1.0 1.3 0.9 0.9 0.9 0.7
139.2 - 161.1 0.3 0.4 0.7 0.6 0.7 0.5 0.6 0.4
161.1 -180.7 0.2 0.2 0.2 0.3 0.2 0.2 0.3 0.2
180,7 - 200.1 0.2 0.3 0.4 0.3 0.3 0.1 0.2 0.1
> 200.1 0.3 0.3 0.3 0.4 0.4 0.3 0.5 0.3
(c) Conclusions
For the systems which used unshielded input leads, movement of these leads resulted in 
increased amplitudes at the lower frequencies, up to 20Hz. Since these error signals were not 
present when the leads were shielded they were attributed to changes in the lead displacement 
currents. The lower frequencies also showed that the 50Hz signal was being modulated at a 
lower frequency. Movement of the reference lead did not result in any changes.
8.3.6 Effect of shielded_and unshielded leads 
(a) Introduction
Shielded input leads are used to reduce the displacement currents induced into the leads. 
However, shielded leads introduce potential problems into the system, section 2.2.8, which 
may influence interference levels from body displacement currents more than lead 
displacement currents. Therefore, the differences between using shielded, unshielded and half 
shielded leads were investigated. It was decided that the electrode sites should not be prepared 
to try and maximise any interference. Subject sK7 was used.
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(b) Results
For the three electrode REF-001 system, the spectral results show that using shielded leads 
reduces the 50Hz component, figure 8.12, and the loss of peaking at 50Hz suggested that 
there was significant interference from lead displacement currents. However, for the two 
electrode REF-001 tests, figure 8.11, the peaking is at a maximum when shielded leads were 
used, with this being reduced if unshielded leads were used. In other parts of the spectra 
shielded or unshielded leads did not result in significant differences to the spectral results.
Fig. 8.11 Effect of shielded leads; two electrode REF-001
Effect of shielded leads - 001 b no_tet sX7
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Fig. 8,12 Effect of shielded leads; three electrode REF-001
Effect of shielded leads - 001b + ref. sX7
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The results from calculating the median frequencies, table 8.19, confirmed that there was a 
significant proportion of the total power at the 50Hz component for all the REF-001 cases, 
since the median frequency was approximately 50Hz, even for the test which did not have the 
peaking.
Table 8.19 Median frequencies (Hz) for different shields
Input leads Two electrode 
REF-Ü01
Tlaee electrcxle 
REF-001
Shielded 48.8 4^8
Halt shielded 4&8 48.8
Unshielded 4&8 4^8
To quantify the spectral distribution the percentage powers in the frequency bands were 
calculated, table 8.20. It shows a significant percentage of the power within the frequency 
band containing the 50Hz component.
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Table 8.20 Percentage powers in frequency bands for different shielding
Two electrode REF-001 Tlaee electrode REF-001
Frequency Ratme, Hz Shielded Half-shielded Un-shielded Shielded Half-sliielded Un-shielded
0.0 - 19.5 5.3 6.7 7.4 9.3 10.7 6.8
19.5 - 39.1 17.0 17.9 27.5 26.9 25.4 18.5
39.1 -61.0 56.8 .53.2 42.3 32.4 31.2 59.5
61.0 - 80.6 13.0 13.7 12.9 18.7 21.0 9.5
80.6 - 100.1 4.0 4.7 4.9 6.4 6.4 3.1
100.1 - 119.6 2.0 2.5 2.9 3.2 3.1 1.4
119.6 - 139.2 1.1 0.8 1.1 1.9 1.2 0.8
139.2- 161.1 0.7 0.4 0.7 0.6 0.7 0.2
161.1 - 180.7 • 0.1 0.1 0.2 0.2 0.2 0.1
180.7 - 200.1 0.0 0.0 0.0 0.2 0.1 0.0
> 200.1 0.0 0.0 0.1 0.2 0.0 0.1
(c) C onclusions
From chapter 2, the interference from body displacement currents for a three electrode system 
is significantly smaller than for a two electrode system. Therefore, the peaking at 50Hz for 
this system was assumed to be primarily from lead displacement currents. Since shielded 
leads significantly reduced the 50Hz component, this reasoning confirmed the general 
interference discussion. For two electrode systems, the peaking at 50Hz was not reduced, but 
increased, when shielded leads were used. This may seem to be in a direct conflict with the 
general interference equation, though this may be explained since the terms in the interference 
equation were represented as scalar quantities only. Assuming that the interference from the 
body displacement current remained constant, then because the 50Hz component was reduced 
when the unshielded leads were used this may imply that the two interference terms were 
cancelling each other out, i.e. one was positive and the other negative. For the two electrode 
system, the 50Hz level for both shielded and half shielded leads were approximately the same, 
which confirmed the result that both were approximately the same for the three electrode 
system.
8.4 CONCIrflSTONS
The results showed that repeatability was shown to be true between tests in the same trial for 
the frequency domain parameters; the median frequency, the percentage powers in defined 
bands and visual observations from the spectra. Therefore, the effects from the different
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referencing systems can be examined using these parameters. Nonetheless, the variations in 
the smooth rectified average and spectral measurements between tests are believed to be real 
and not an artefact of the sampling parameters. It should be noted that although the total 
sampling times used for measurement of the smooth rectified average and spectra were 
approximately the same and that stationarity was assumed over these signal lengths, this does 
not imply quantitatively identical statistical error bounds for these two parameters.
Tests were conducted to investigate the effect of using extreme conditions for some of the 
experimental conditions, for example severe skin abrasion and positioning the forearm in a 
supinated or pronated position. The most significant conclusions from these tests considered 
the position of the third electrode and whether the 50Hz peaking was primarily from currents 
induced into the leads or the body.
The position of the third electrode was not shown to be significant, even if it was driven, 
which indicated that it did not need to be remote or equidistant from the input electrodes. 
However, only one subject was tested, so it did not take into account any variability in the 
subject parameters, for example the thickness of the fatty tissue around biceps brachii. This 
may influence the signals, therefore further tests are recommended to validate this conclusion. 
The results from the skin preparation tests indicated that the interference was primarily from 
the body displacement current, if it was assumed that the body and lead currents were the only 
sources. This is supported by the tests which examined the use of shielded and unshielded 
leads, which indicated that the two interference terms were vector quantities which could 
result in one effectively cancelling the other.
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Chapter 9
ANAT.YSIS OF THE EXPERIMENTAL RESULTS
9.1 INTRODUCTION
The effect from using different referencing systems was investigated by conducting subject 
trials, where for each trial the subject performed a number of isometric contractions. The 
recorded signals were quantified by calculating the spectral parameters which have been 
identified as being used clinically in characterising surface EMGs and which have been shown 
to be repeatable from test-to-test. Therefore, comparisons could be made between tests from 
the same trial, but not between different trials. Two sets of trials were conducted because of 
the development of further referencing systems following a study of the literature succeeding 
the first set and a revision of the sampling parameters and analysis procedures. In addition, a 
third set of trials was conducted which introduced abnormal, though not uncommon, 
recording conditions into the test environment; such as the subject touching the metal frame of 
the bench and being in the close vicinity of an insulated mains power cable. These have been 
shown to influence the body coupling parameters and hence the levels of electrical interference 
induced into the body. These were used to further investigate the effect from the different 
systems.
9.2 FIRST AND SECOND SET OF MAIN SIJB.TRCT TRIAI S
9.2.1 Results from the first set of subject trials
In these trials the following tests were conducted using the specified system:
0 0. Three electrode REF-001
01. Two electrode REF-001
02. REF-002
03. REF-003
04. REF-004 with the switch in the upper position
05. REF-004 with the switch in the lower position
06. Three electrode REF-001 - min relaxed in the rig performing no contraction
07. Two electrode REF-001 - arm relaxed in the rig performing no contraction
70
The subjects used were sAl, sA7, sBl, sCl, sDl, sFl, sGl, sHl, sll, sJl, sLl, sMl, sNl, 
sPl and sQl and for consistency the order of the tests as listed was maintained in each trial. 
The two relaxed tests were used as a measurement of the background signals, such as the 
5()Hz interference. Two further tests, repeating 00 and 01, were also conducted, but these 
results have not been included. In the last five trials, sLl, sMl, sNl, sPl and sQl, four 
further tests were conducted using the non-isolated commercial Medelec system:
10. Three electrode Medelec
11. Two electrode Medelec
12. Three electrode Medelec - arm relaxed in the rig performing no conti'action
13. Two electrode Medelec - arm relaxed in the rig performing no contraction
In tests 0 to 7 the two aliased signals were present because the anti-aliasing filter was not 
used. However, because these signals were outside the frequency range of interest they were 
ignored for the spectral plots, figures 9.1 to 9.10 and 9.11a to 9.15a. However, in the 
Medelec tests the aliased signals were absent, figures 9.1 lb to 9.15b. These aliased signals 
were eliminated in the calculation of spectral parameters from the results, section 7.7. The 
median frequencies are shown in table 9.1 and the percentage power values in the frequency 
bands in tables 9.2 to 9.16. The median frequencies and the percentage power values were 
not calculated for the REF-003 tests because of the marked loss of signal amplitude and hence 
the loss of useful spectr al information, so these have not been included in the tables.
Table 9.1 Median frequencies (Hz) from the first set of trials
Trial Three electrode 
RBF-001
Two electrode 
REF-001
REF-002 REF-004, 
switch up
REF-004, switch 
down
sAl 63.5 51.3 61.0 4 .9 4 .9
sA7 4 8 ^ 51.3 51.3 51.3 46 .4
sB l 4&^ 4 4 ^ 51.3 41.5 39.1
sCl 36.6 51.3 36.6 2 9 ^ 31.7
SÜ1 4 8 ^ 51.3 56.2 19.5 26.9
sFl 44 .0 48.8 41.5 39.1 34 .2
sGl 4 4 .0 51.3 46 .4 39.1 3 4 ^
sHl 70.8 58 6 61.0 61.0 65.9
s l l 44 .0 39H 39.1 36.6 3 6 ^
S . U 4& 8 51.3 53.7 36.6 44 .0
Trial Three elec. 
REF-001
Two elec. 
REF-001
REF-002 REF-004 
SW up
REF-004 
SW down
Three elec. 
Medelec
Two elec. 
Medelec
sLl 51.3 48 8 4 8 .8 44 .0 39.1 48 .4 50 .0
sM 1 5&6 5 6 ^ 56.2 46 .4 41.5 51.6 5 0 .0
sN l 61 .0 51.3 65.9 7.3 17.1 6 8 ^ 5 0 .0
sPl 5 6 ^ 51.3 53.7 7.3 24.4 54.7 50 .0
sQl 4 8 ^ 48.8 5&6 51.3 51.3 59.4 5 0 .0
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Measurements of the amplitude of the 50Hz component when the subject was relaxed are 
shown in table 9.17, but the spectral plots are not included. This is because, ignoring the two 
aliases, there were only spectral components at approximately 50Hz and also at its two 
neighbouring frequencies and at the lower frequencies, up to 5Hz, due to spectral spreading 
from the 50Hz and the d.c. component.
Table 9.17 Amplitude (dB) of the 50Hz component when relaxed
Referencing system sAl sA7 sBl sCl sDl sFl sGl sHl
Three electrode REF-001 -69.6 <-72 <-72 <-72 -65.6 -69.6 -65.6 <-72
Two electrode REF-001 -35.0 -53.1 -49.5 -24.0 -35.9 -40.8 -30.0 -55.4
Referencing system sll sJl sLl sMl sNl sPl sOl
Three electrode REF-001 — <-72 -59.8 <-72 — <-72 <-72
Two electrode REF-001 -38.9 -27.7 -60.9 -52.6 -46.2 -33.9
Three electrode Medelec <-72 — -56.3 — -44.2
Two electrode Medelec -7.6 -12.0 -14.9 -12.5 +1.4
9.2.2 Results from the second set of subject trials
With the development of further systems, REF-005, REF-007 and REF-008, and a revision 
of the sampling parameters and hence analysis procedures, section 7.2, a second set of subject 
trials was conducted. As before the different systems were introduced in a consistent order, 
though there was no change to the test protocol except for some of these trials the electrodes 
sites were not prepared. The order of the tests were:
00. Three electrode REF-001
01, Two electrode REF-001
02, REF-002
03. REF-003
04. Three electrode REF-005
05. Two electrode REF-005
06. REF-004 with the switch in the upper position
07. REF-004 with the switch in the lower position
08. REF-007
09. REF-008
10. Three electrode REF-001
11. Two electrode REF-001
1 8 0
The subjects used for these trials were sC2, sD2, sRl, sTl - electrode sites prepared; and 
sE2, sK3, sSl, sUl, sVl, sWI - electrode sites unprepared. The Medelec system was not 
used in these trials because it is non-isolated and raised questions regarding the ethical 
approval. Spectral parameters were used to characterise the signal, but because of the revised 
sampling and analysis procedures the aliased signals were not present. The plots of the 
spectral results are shown in figures 9.16 to 9.25 and the median frequencies and the 
percentage power values in the defined frequency bands are shown in table 9.18 and tables 
9.19 to 9.28 respectively. In the calculation of the spectral measures for the REF-001 tests 
only the first two tests were used, though in the plots the two repeated tests, tests 11 and 12, 
were included. In this set of trials the spectral parameters were only calculated for the REF- 
003 tests for which there was an observable signal on the spectral plot.
Table 9.18 Median frequencies (Hz) from the second set of trials
Trial 3 elec 
-001
2 elec 
-001
-002 -003 3 elec 
-005
2 elec 
-005
-004
up
-004
clown
-007 -008
sC2 41.5 36.6 39.1 36.6 36.6 34.2 34.2 3L7 34.2 29.3
sD2 46.4 51.3 46.4 — 46.4 51.3 3&6 3&6 4&8 34.2
sE2 65.9 65.9 61.0 61.0 61.0 53.7 53.7 51.3 65.9 39.1
sK3 44.0 51.3 41.5 - 46.4 53.7 4.9 22.0 44.0 36.6
sRl 44.0 48.8 41.5 — 51.3 63.5 41.5 41.5 46.4 39.1
sSl 53.7 56.2 56.2 46.4 56.2 53.7 3&6 44.0 5&2 34.2
sTl 51.3 4&8 4&8 - 51.3 53.7 39.1 41.5 46.4 342
sUl 4&8 464 4&8 41.5 4&8 51.3 24.4 31.7 46.4 3&6
sVl 56.2 4&8 61.0 - 65.9 97.7 58.6 44.6 56.2 44.0
sWi 44.0 41.5 44.0 39.1 41.5 51.3 39.1 41.5 39.1 34.2
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9.3 DISCUSSION OF RESULTS FROM SUBJECT TRIALS
9.3.1 Three electrode REF-001 system
This configuration is die typical referencing system which connects the subject to the isolated 
circuit common using a third electrode. By considering the results from these tests as 
representing the true EMG signal, these may be used as a comparison to the results from the 
other systems.
The general pattern of the EMG spechum was similar for all tiials from the two sets and this 
shape was an inverted 'U', such as shown in figure 9.6. Considering all results, the 
maximum amplitude ranged from -52dB (figure 9.5) to -3 IdB (figure 9.18a) and this was at a 
frequency between approximately 30Hz and 70Hz. Though the patterns were similar this 
variation confirmed the conclusion that there was no repeatability between trials. The 
measured spectrum above -72dB did not extend beyond 400Hz and the small amplitudes at the 
low frequencies indicated that drift was not a problem in these measurements. This was 
confirmed in the time domain. The indication that the signal power was more Concentrated in 
the 30Hz to 70Hz frequency band was confirmed from the calculated median frequencies. 
These varied from 36.6Hz (sCl) to 70.8Hz (sHl), table 9.1. This, with the general pattern, 
was further confirmed from the percentage power values, such as in tables 9.2 and 9.3, which 
indicated that most of the signal power was contained within the frequency range from 
19.53Hz to 80.57Hz.
The use of the third electiode significantly reduced the spectral peaking at 50Hz which was 
observed in some of the trials when the two electrode REF-001 system was used. This 
peaking is discussed in section 9.3.2. The absolute reduction was dependent upon the peak 
value and has been calculated, from the tests which measured the signal from biceps brachii in 
its relaxed position, table 9.17, to be from 11.IdB (sMl) to 48dB (sCl). Both are minimum 
values because the amplitude was reduced below the -72dB limit and so this value needed to 
be assumed in the calculation. These have been further re-calculated and shown to be 
approximate reductions in the linear amplitude from 4 to 250 respectively.
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9.3.2 Two-electrode REF-001 system
For the two electrode REF-001 system, the results showed that for some subject trials, sAl, 
sCl, sDl, sGl, sJI, sNl, sQl, sD2 and sK3, there were high levels of amplitude peaking at 
50Hz. These peaks have already been mentioned to have been removed when the third 
electrode was used, section 9.3.1. A typical example is shown in figure 9.4, for the sCl trial, 
which has its 50Hz peak at a level approximately 20dB higher than the observed value for the 
three electrode system.
This peaking resulted in a shift in the median frequencies for these trials towards 50Hz, tables
9.1 and 9.18, and also a high percentage of the total power being contained within the 39.1 to 
61.0Hz frequency band. Except for the sAl trial, where the percentage power was 49.4%, 
table 9.2, for the other mentioned trials the power was at least 68.6% of the total power and 
was up to 88.4% for sCl, table 9.5. This peaking was assumed to be a direct result of 
power-line interference, so the levels from the first set of trials were compared to those from 
the relaxed measurements, table 9.17. Within the tolerance margin of 5dB, the corresponding 
peak values were observed to be similar, except for sNl. The data from the second set of 
trials did not show any correlation between whether the electrode sites were prepared and 
whether there was peaking at 50Hz. It was thought that leaving the sites unprepared would 
increase the peaking.
Except for the peaking there was a strong similarity between the spectral plots from the two 
REF-001 systems. By considering the results from the trials which did not have a recognised 
50Hz peak there was a similarity between the median frequencies for these two trials, except 
for the sHl and sVl trials. However, the expected similarity between the percentage power 
values was not always present, such as in table 9.7.
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9.3.3 REF-002 system
Measurements of the EMG signal from using the REF-002 system resulted in a spectrum 
which was very similar to the general pattern observed for the three electrode REF-001 
system. The amplitude differences between the two results were within the considered 
tolerance margin of 5dB, except for some of the trials at the lower frequencies below 5Hz, 
such as sCl in figure 9.4. This similarity was confirmed by calculating the median 
frequencies and the percentage power values, though this was stronger in the second set than 
in the first set of trials. The median frequencies were within the tolerance margins; except for 
sDl, sHl and sQl, table 9.1, though these differences were all below 9.8Hz. Similarly the 
percentage power values between the two sets of results indicated some similarity, though not 
always to within the accepted tolerance margin of 5%. This indicated that further work may 
be needed to re-asses these tolerance levels.
One result from using the REF-002 system was an observation that in the time domain, for the 
first set of trials, there was an additional noise component which was at a frequency greater 
than 5kHz. This was investigated by using an input signal from a function generator, for 
which the noise was still present, and also by using the two electrode system, for which it was 
eliminated. This indicated that it was inherent to the system and may have been caused by the 
noise signals on the ground line as a result of the voltage converter 7660 IC. However, 
because it did not translate through to the spectrum the component was ignored. In the second 
set of trials it was removed by the anti-aliasing filter.
9.3.4 REF-003 system
In both the first and second set of trials, approximately 60% of the results from using the 
REF-003 system resulted in amplitude levels below -72dB across the frequency range of 
interest Therefore, for these results there is no spectral plot for the REF-003 test, for 
example in figure 9.2. In the time domain, these signals were shown to be approximately 
zero, which indicated that the system was either causing the recorded signal to be eliminated or 
the preamplifier gain to be markedly reduced. The preamplifier was checked to be satisfactory 
by disconnecting the third electrode lead, which resulted in a signal as observed in the tests
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which used the two electrode REF-001 system. For those tests which had an observable 
signal, the resultant spectrum was similar in shape but with markedly reduced amplitudes than 
in the REF-001 tests; for example the sFl test shown in figure 9.6. As for the above tests, in 
the first set of trials the spectral parameters were not calculated. However, in the second set 
the parameters were calculated if a resultant spectrum was observed.
In addition, two spectral spikes were also present at frequencies from approximately 650Hz to 
1050Hz, though for the sBl trial, figure 9.3, there was a very dominant spectral component at 
approximately 185Hz. These spikes dominated the calculation of any frequency based 
measurements, further justifying the decision not to calculate these parameters for the results 
from the first set of niais. These were shown to be not caused by the interference from nearby 
computers or other equipment and were also shown to be eliminated when the third electrode 
lead was removed. Therefore, they were a direct cause of the referencing system, but since 
they were not observed in the second set of trials it is believed they were due to aliased 
components. Further work is required to confirm this.
9.3.5 REF-004 system
The calculated spectrum from using the driven-right leg system, REF-004, showed some 
major differences compared to the spectra from the REF-001 tests. These included an 
increased low frequency component, a reduction in the frequency at which the spectrum starts 
to roll-off and spectral spikes; figure 9.6 for sFl as an example. There were no significant 
differences between the results from the two switch positions, except for the frequencies at 
which these spikes occurred.
In the middle frequency band, from approximately 20Hz to 80Hz, the spectrum for most 
REF-004 tests followed very closely that of the typical REF-001 system. Below 20Hz the 
component was sometimes increased which was confirmed from observations in the time 
domain, particularly for sAl, sNl and sPl in the first set and sK3 and sUl in the second set. 
This resulted in the median frequencies being much smaller than in the other tests, tables 9.1 
and 9.18, being of the order of a few Hertz, and a higher percentage of the total power being
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contained within the OHz to 19.5Hz frequency band; tables 9.2, 9.14, 9.15 and 9.26. 
Although there was no peaking at 50Hz, this increase in the low frequency components was 
only observed when there was a high level of 50Hz interference on the two electrode REF-001 
test. However, for the second set of trials the result from sK3, figure 9.19b, followed this 
conclusion but not the results from sSl and sUl, figures 9.21b and 9.23b respectively, which 
had high levels of low frequency components but no corresponding 50Hz peaks. One 
possible cause of the association between the level of the 50Hz level and the low frequency 
component may be the modulation of the 50Hz component at the lower frequencies.
At the higher frequencies, the spectra associated with the REF-004 system diverges from that 
of the REF-001 system because of the roll-off in the amplitude occuring at an earlier 
frequency, such as in figure 9.12a, and that for some tests the roll-off rate was faster, such as 
in figure 9.9. Therefore, the minimum amplitude level, -72dB, occurred at a lower frequency, 
approximately lOOHz for the sLl test, figure 9.1 la. This resulted in the median frequencies 
being reduced for the REF-004 tests, tables 9.1 and 9.18, and the percentage of the total 
power in the defined bands being not greater than 1% for frequencies above lOOHz for most 
trials, excluding the spikes. The data shows that for most trials the REF-004 amplitudes in the 
20Hz to 80Hz frequency range were observed to be slightly smaller than the REF-001 by a 
few dB. This did not affect the conclusions reached either on the low frequency or the higher 
frequency roll-off characteristics.
The other consideration in these tests were the spikes that occurred in the REF-004 spectra. 
For a particular trial the spikes for the two different switch positions did not occur at the same 
frequency and there was no observed similarity between trials. In addition, there was no 
consistency of the frequencies between trials, though most were observed in the lOOHz to 
400Hz range. These results were confirmed to be a direct cause of the driven-right leg system 
because when the third electrode lead was disconnected the spectra of the measured signals 
were, as expected, similar to that when the two electrode REF-001 system was used.
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9.3.6 Three-electrode non isolated Medelec system
The specti-a from using the non-isolated Medelec system, figures 9.1 lb to 9.15b, had a similar 
shape as compared to those from the REF-001 tests. However, the amplitudes were 
approximately l4dB higher because of the difference between the system gains; 500 for the 
REF-001 and 2500 for the Medelec. The difference in the gains between the systems resulted 
in an apparent extension of the spectrum into the higher frequencies, observed from the 
percentage power tables. As in the REF-001 tests, the maximum amplitude occurred at 
frequencies from 30Hz to 60Hz, but the rise in the amplitude levels in the lower frequency 
range was slower because of the order of the filter and the lower cut-off frequency used in the 
Medelec system; being 2nd. order and 0.8Hz as compared to a fourth order response and 
3.2Hz in the REF-001 system.
As for the REF-001 tests, the peaking at 50Hz observed when the third electrode was not used 
was eliminated if the third electrode was used. This reduction, measured from the relaxed 
tests in table 9.17, was from 4l.4dB for sNl to 64.4dB for sLl, again both minimum 
values. These were re-calculated to be approximate reductions in the linear amplitude of 120 
to 1660 respectively. Hence, the power-line interference and its subsequent reduction using 
the third electrode was greater in the non-isolated than in the isolated system.
9.3.7 Two electrode non-isolated Medelec system
For all tests using the Medelec system there were very high levels of 50Hz peaking when the 
third electrode was not used, figures 9.1 lb to 9.15b, and this was greater than in the isolated 
REF-001 system results. These peaks resulted in a shift in the median frequencies to 50Hz, 
table 9.1, and that more than 83% of the total power was contained in the 39.1 Hz to 6 1.OHz 
frequency band, tables 9.12 to 9.16. These peaks were removed when the third electrode was 
used, section 9.3.6.
In addition to the 50Hz peak, two spikes were also measured at 230Hz and 320Hz. The 
former is the most dominant, but for the sNl test, figure 9.13b, the 320Hz spike was not 
obvious. This was probably because the 230Hz spike was also much smaller in amplitude.
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These were not present when a sinusoidal signal from a function generator was used as the 
input or when the signals were measured when the subject was relaxed so they were not 
attributed directly to either the Medelec or the CED system. However, their presence on the 
EMG spectra requires that their attribution needs to be further investigated.
9.3.8 Three electrode REF-005 system
Driving the shields of the input leads did not significantly affect the measured EMG signals as 
compared to the typical configuration, REF-001. The median frequency was the same, within 
the accepted tolerance margin, as that calculated for the REF-001, table 9.18; except for sRl 
and sVl. Similarly the percentage power values within the defined frequency bands for the 
REF-005 test correlated to those from the three electrode REF-001 test.
One difference sometimes observed in the results from the REF-005 tests, as compared to the 
REF-001 tests, was the increased reduction at the lower frequencies; such as the sE2 and sSl 
tests, figures 9.18a and 9.21a respectively. This indicated that the reduced effective lead 
capacitance removed low frequency components, which up to now were not considered as 
possible artefacts for this experimental work.
9.3.9 Two-electrode REF-005 system
Removing the third electrode with the REF-005 system resulted in a tendency for there to be 
high spectral peaks at 50Hz and the harmonic frequencies, for example sUl in figure 9.23a. 
These were superimposed on the familiar EMG spectrum associated with the previously 
discussed REF-005 system. For most trials this peaking, especially at 50Hz and at the first 
harmonic, lOOHz, was very dominant; with the amplitudes of the spikes at 50Hz being up to 
30dB higher than the EMG spectral envelope. However, for the sC2 and sRl trials, figures 
9.16a and 9.20a respectively, there was peaking only at the harmonic frequencies and not at 
50Hz. These translated into large percentages of the total power being attributed to these 
specific frequency bands. The signals from the time domain confirmed that there was a high 
level of interference at the 50Hz frequency and the signal observed from the sD2 trial was 
considered to be typical, figure 9.26.
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Fig. 9.26 Time domain signal using the two electrode REF-005 system
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Though spikes also appeared at the successive harmonic frequencies, the percentage of the 
total power at frequencies above 200.1Hz tended to be approximately a few percent, though 
over all the test results the maximum was 7%. The median frequencies showed the dominance 
of these spikes; shifting to 50Hz when this component was dominant and for the other tests 
towards the dominant harmonic, table 9.18.
9.3.10 .E.g.F2.0JDLl...jgy.slm
Measurements of the signals using the driven-right leg circuit, but with a capacitive feedback 
element, resulted in a spectrum which closely followed that of the three electrode REF-001 test 
and not the familiar characteristics associated with the driven-right leg circuit using resistive 
feedback, section 9.3.5. A typical result is shown in figure 9.18b for the sE2 trial. 
Therefore, there was a strong similarity in the median frequencies of the REF-007 tests, as 
compared to the REF-001 tests, table 9.18, and in the respective percentage power values, 
tables 9.19 to 9.28. A difference between the results was the reduction of the lower frequency 
components, below approximately 5Hz to lOHz. This was attributed to be a direct cause of 
the capacitive feedback and hence the feeding back to the body of a significantly smaller low 
frequency component. However, since these frequencies are within the prescribed EMG 
bandwidth it indicates that signal information may be lost and hence invalidating the REF-007 
configuration as a practical system.
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9.3.11 REF-008 system
The spectral plots from using this system, such as shown in figure 9,18b for the sE2 trial, 
followed those from the conventional driven-right leg system, REF-004. In addition, as 
observed in the REF-007 tests, there was a reduction in the amplitudes at the lower 
frequencies because of the capacitive feedback. Since this low frequency component, which 
was sometimes very dominant in the REF-004 test results, was removed the median 
frequencies more closely reflected the reduction in the frequency at which the roll-off started to 
occur. Typical results were from between 29.3Hz to 44.0Hz, table 9.18. Spectral spikes, 
which were common for the REF-004 tests, were still present, but only for some of the trials; 
such as sE2.
9.4 SUB.TECT TRIALS UNDER DIFFERENT RECORDING CONDITIONS
9.4.1 Introduction
The previous subject trials were conducted under what could be considered to be normal 
clinical conditions. This work was then extended to investigate the effect from referencing 
when different recording conditions were introduced into the tests. These conditions, which 
are listed below, were selected to reflect a common clinical environment and also some 
'severe' cases and because they have been shown to have a direct influence on the capacitive 
coupling from the power-lines to the subject, section 2.4.4. The test code references are used 
to identify each condition:
00 - Normal condition
01 - Palm of left hand of subject near, within 2cm, a computer monitor screen
02 - Palm of left hand of subject on the computer monitor screen
03 - Insulated mains power cable resting on the subject's right upper arm
04 - Bench power supply switched on and within 10cm of the subject's right arm
05 - Insulated mains power cable grasped in subject's right hand
06 - Left hand of subject touching the chassis of a grounded oscilloscope
07 - Left hand of subject touching the metal frame of the workbench
08 - Left hand of subject touching the wooden top surface of the workbench
09 - Investigator touching the subject's right shoulder which was bared
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For each trial, ten consecutive tests were conducted using one referencing system under each 
of the above conditions. The systems were selected to reflect the different configurations 
investigated previously and were grouped according to the following trial code-references: 
sK9 - (a) Three electrode REF-001 and (b) Two electrode REF-001
sKlO - (a) REF-002 and (b) REF-004 with the switch in the upper position
sKl 1 - (a) Three electrode REF-005 and (b) Two electrode REF-005
sK 12 - (a) Three electrode Medelec and (b) Two electrode Medelec
The same subject was used for all these trials to maintain some consistency and the same 
protocol was used in these trials, except for the introduction of different conditions. Prior to 
each trial, with the subject positioned in the rig and the system unconnected, the coupling 
parameters were calculated for each condition, using the technique described in section 2.4.3. 
In addition, the parameters were calculated prior to each particular test, with the system 
connected and the condition present, to investigate whether there was a significant difference 
from using different systems.
9.4.2 Results from measurement of the body coupling parameters
(a) Pre-sK9 to sK12 trials
The results from calculating the body coupling parameters prior to each of the subject trials are 
included in table 9.29.
Table 9.29 Coupling parameter values for pre-sK9 to sK12 trials
Pre-sK9 trial Pre-sKlO trial
Test Ib/nA Cg/pF Cb/pF Ib/nA Cg/pF Cb/pF
00 409.6 436.3 3.9 459.1 363.7 4.3
01 508.9 312.0 4.8 610.7 362.3 5.8
02 1015.2 430.5 9.7 1013.8 402.2 9.7
03 1009.6 280.0 9.6 3908.4 463.9 38.8
04 510.2 390.8 4.8 508.9 312,0 4.8
05 2715.9 373.0 26.5 3436.2 440.9 33.9
06 - — 150.7 13729 1.4
07 2798.2 743.3 27.1 4041.5 795.4 39.6
08 610.7 36Z3 5.8 710.4 315.3 6.7
09 511.2 435.3 4.8 662.6 416.2 6.3
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Pre-sKll trial Pre-sK12 trial
Test Ib/nA Cg/pF Cb/pF Ib/nA Cg/pF Cb/pF
00 459.9 410.6 4.3 356.6 267.4 3.4
01 459.1 363.7 4.3 407.0 242.2 3.8
02 886.5 340.8 8.4 812.5 377.4 7.7
03 3423.7 389.9 33.8 2952.5 373.8 29.0
04 407.9 331.6 3.9 356.6 267.4 3.4
05 3875.3 346.5 3&6 3136.1 347.8 30.9
06 27.2 4321.1 0.3 23.1 3667.0 0.2
07 3558.9 810.3 34.7 2824.6 840.1 27.3
08 560.5 375.1 5.3 511.2 435.3 4.8
09 514.8 570.5 4.9 412.4 571.5 3.9
The results showed a similar level of variation as for previous work, section 2.4.3, but the 
absolute measurements were different because the subject was now positioned in the rig, 
whereas previously the subject was standing. This confirmed that the coupling is dependent 
upon the subject attitude. For these trials, the body displacement current, ly, and the mains- 
subject coupling capacitance, Cy, were significantly increased and the subject-ground coupling 
capacitance, Cg, remained approximately the same. Between the four sets of results similar 
conclusions were reached, which was expected because the measurements were from when 
the system was unconnected. The results for tests 05 to 08 showed similar changés from the 
normal condition as observed in section 2.4.3, except for the 06 test in the pre-sKlO trial. 
Since for this condition the measured voltages were very small this difference was attributed to 
experimental error. For the tests 01 and 02 there was an increase in ly and Cy, but no 
significant change to Cg. Test 03 resulted in similar data as for test 05, with the exception of 
pre-sK9 where the parameters for the 03 test were lower probably because of the mains lead 
being further away from the electrode sites. The data for tests 04 and 09, which can be 
considered to be perhaps the most likely clinical condition changes, showed no significant 
change to the 'normal’ parameters.
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(b) During sK9 to sK12 trials
Similarly the body coupling parameters calculated for each recording condition when the 
specified referencing systems were connected are included in tables 930 to 933.
Table 9.30 Coupling parameter values - sK9 trials
Three electrode REF-001 Two electrode REF-001
Test Ib/nA (pk) Cg/pF Cb/pF Ib/nA (pk) Cg/pF Cb/pF
00 509.5 350.0 4.8 509.1 330.7 4.8
01 764.1 432.9 7.3 711.8 371.0 6.8
02 884.4 237.6 8.4 884.4 188.5 8.4
03 2483.9 416.0 24.2 2959.2 411.1 29.0
04 639.4 483.4 6.1 550.6 381.8 5.2
05 2959.2 411.1 29.0 2952.5 373.8 29.0
06 - - - 46.1 4893.6 0.4
07 3315.5 818.9 32.2 3056.6 782.8 29.6
08 761.7 360.8 7.2 590.8 374.2 5.6
09 563.8 503.4 5.3 567.5 615.5 5.4
Table 9.31 Coupling parameter values - sKlO trials
REF-002 REF-004, switch up
Test Ib/nA (pk) Cg/pF Cb/pF Ib/nA (pk) Cg/pF Cb/pF
00 812.1 364.6 7.7 559.2 304.8 5.3
01 712.2 385.9 6.8 712.2 385.9 6.8
02 1013.8 402.2 9.7 1138.6 404.0 10.9
03 3420.4 374.1 318 4073.1 405.1 40.6
04 — — - 508.4 276.0 4.8
05 3184.4 357.8 31.4 3436.2 440.9 33.9
06 - - - - - -
07 3531.6 735.8 34.5 3531.6 735.8 34.5
08 660.6 336.6 6.3 659.4 266.4 6.3
09 665.8 512.1 6.3 610.1 329.7 5.8
2 0 0
Table 9.32 Coupling païameter values - sK l 1 tirais
Tliree electrode REF-005 Two electiode REF-005
Test Ib/nA (pk) Cg/pF Cb/pF Ib/nA (pk) Cg/pF Cb/pF
00 610.7 362.3 5.8 457.9 280.4 4.3
01 634.9 310.8 6.0 508.1 241.2 4.8
02 1067.1 464.6 10.2 884.4 188.5 8.4
03 3198.3 427.0 31.4 3420.4 374.1 33.8
04 559.8 3389 5.3 457.9 280.4 4.3
05 3190.5 391.1 31.4 2947.4 339.1 289
06 - - — - - -
07 3315.5 818.9 32.2 3044.1 740.8 29.5
08 660.9 351.6 6.3 508.1 241.2 4.8
09 613.8 475.0 5.8 461.0 462.5 4.4
Table 9.33 Coupling païameter values - sK12 trials
Tlu ee electrode Medelec .. Two electrode Medelec
Test Ib/nA (pk) Cg/pF Cb/pF Ib/nA (pk) Cg/pF Cb/pF
00 11.5 3667.1 0.1 469.6 765.9 4.4
01 47.4 11627.0 0.4 466.5 668.9 4.4
02 24.6 7128.9 0.2 408.2 -3.8 3.8
03 105.7 6736.6 1.0 3032.8 702.1 29.5
04 24.6 71289 0.2 474.1 887.2 4.5
05 67.9 4320.7 0.6 3032.8 702.1 29.5
06 9.2 4893.9 0.1 40.1 8531.2 0.4
07 - - 2937.9 1206.3 28.2
08 24.6 7128.9 0.2 518.3 677.3 4.9
09 22.2 8850.7 0.2 393.7 835.9 3.7
For the isolated referencing systems, the data showed that the connection of the referencing 
system resulted in an increase in and Cy, as compared to the earlier results in table 9.29. 
However, the conclusions reached for the different conditions were not significantly different 
from the previous discussions. One exception to this is the reduction in Cg for the two 
electrode REF-001 and REF-005 systems for test 02. However, significant differences were 
measured from the tests using the three electrode Medelec system because the subject was 
effectively grounded. This significantly decreased l|, and Cy and increased Cg, by 
approximate factor changes of 40 and 5 respectively for the normal condition. Since these 
were also observed in the conditions which conventionally resulted in a high level of power- 
line coupling, such as holding an insulated mains lead, this system gives superior results
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compared to other systems. The two electrode Medelec system did not significantly reduce 
or Cb, but it did increase Cg, though not as markedly as for the three electrode system.
9.4.3 Results from trials using different recording conditions
The effect from the different conditions, defined in section 9.4.1, on the recorded signals are 
shown in figures 9.27 to 9.34. The results from each trial have been split into two graphs for 
each figure, because of the number of tests conducted, but the the result from the normal 
condition, 00, has been included on both for comparison.
The median frequencies, table 9.34, and the percentage power values in the defined frequency 
bands, tables 9.35 to 9.42, are included to characterise the EMG signal.
Table 9.34 Median frequencies (Hz) from trials using different recording conditions
System 00 01 02 03 04 05 06 07 08 09
3 elec REF-001 46.4 46.4 44.0 46.4 46.4 44.0 46.4 46.4 46.4 48.8
2 elec REF-001 44.0 48.8 53.7 51.3 46.4 51.3 51.3 51.3 46.4 44.0
REF-002 48.8 46.4 46.4 46.4 51.3 46.4 46,4 46.4 46.4 48.8
REF-004, up 39.1 39.1 14.7 39.1 39.1 39.1 39.1 39.1 39.1 39.1
3 elec REF-005 44.0 44.0 44.0 44.0 44.0 46.4 46.4 44.0 46.4 41.5
2 elec REF-005 51.3 53.7 136.7 202.6 51.3 205.1 100.1 200.2 51.3 51.3
3 elec Medelec 45.3 35.9 48.4 50.0 50.0 50.0 43.8 45.3 45.3 48.4
2 elec Medelec 50.0 50.0 68.8 101.6 50.0 101.6 45.3 101.6 50.0 50.0
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9.4.4 Discussion of results
(a) Three electrode REF-001
Using the three electrode REF-001 system, the different recording conditions, 00 to 09, did 
not significantly affect the parameters calculated from the EMG signals, figure 9.27. 
However, these plots do show variation at the lower frequencies below 5Hz. The similarity 
between the test results was also confirmed from the data of the median frequencies, table 
9.34, and the percentage power values, table 9.35, with the variations being within the 
accepted tolerance margins.
(b) Two electrode REF-001
Removal of the third electrode resulted in very high peaks at 50Hz for some of the tests, 03, 
05 and 07, because of the significantly higher values for the coupling parameters, figure 9.28. 
There was no corresponding peaking at 50Hz for the normal test, 00. In 03 and 05 there was 
also excessive peaking at the harmonic frequencies of 50Hz, whereas for 07 this was only 
observed at 250Hz and 350Hz. Peaking at 50Hz was also observed for the 06 and 08 tests, 
though these were smaller than those discussed above.
For the 04 and 09 tests there was no significant difference between the spectra compared to 
test 00 and this was confirmed from the median frequencies and the percentage power values, 
tables 9.34 and 9.36 respectively. However, in test 01 there was a small peak at 50Hz, and 
though this did not significantly increase in test 02 there was an additional peak, of a similar 
amplitude level, at approximately 70Hz. This component was shown to be due to the monitor 
because by holding an oscilloscope probe at the screen, the resultant signal was as shown in 
figure 9.35 with possible interference frequencies predominantly at 67Hz (from the 15ms 
period), 31.3kHz (from the 32|lis period) and 250kHz (from the 4|us period).
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Fig. 9.35 Signal from a computer monitor screen 
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(c) REF-002 system
As for the tests from using the three electrode REF-001 system, the introduction of the 
different conditions did not significantly affect the results from the normal recording, figure 
9.29 and tables 9.34 and 9.37. Differences between the spectra to the REF-001 trial 
discussed above was the additional spectral spikes at 300Hz for test 05, but this was probably 
now visible because of the increase in the level of the 200Hz spike, figure 9.29a.
(d) REF-004 with the switch up
As in the previous trials, the data showed that the REF-004 system resulted in the upper 
frequency cut-off being decreased, figure 9.30. In addition, the characteristic spectral spikes, 
at approximately 300Hz, were present for all the test conditions. The two main differences 
between the spectra were for tests 06 and 02. Touching the chassis, test 06, resulted in very 
low amplitude levels below 5Hz, indicating that the d.c. component was significantly reduced. 
Whereas in 02 the amplitudes below approximately 20Hz were significantly increased, figure 
9.30a, confirmed from the decrease in the median frequency, table 9.34, and the high 
percentage of the total power in the lower frequency band, table 9.38. This effect was 
sometimes observed in the main subject trials, figure 9.13a, but because of the experimental 
protocol in the earlier trials this could not be attributed to this condition. Further, it was not 
due to another monitor being on close by or the subject touching nearby furniture, since these 
test conditions did not result in any similar effect.
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(e) Three electrode REF-005
Similar conclusions were reached from these tests as for the results from using the three 
electrode REF-001 system. The data showed that there was no significant difference in the 
results from the test conditions, tables 9.34 and 9.39. However, the spectral plots, figure 
9.31, confirmed that the three electrode REF-005 system resulted in a significant reduction in 
the lower frequencies, an observation discussed in section 9.3.8.
(f) Two electrode REF-005
These results, figure 9.32, showed the characteristic peaking at 50Hz and at its harmonics 
which was recognised in the previous trials. This greatly influenced the median frequencies, 
table 9.34. Though the general shape was similar, the spectra were not as tightly packed as in 
the previous trials which showed that the recording condition influences the spectra.
The data for the 04, 08 and 09 tests was similar to that of test 00 and this similarity was 
confirmed from the percentage power values, table 9.40. For the 06 test the amplitudes were 
higher than for the normal condition, whereas for the 03, 05 and 07 tests, which have the 
increased coupling from the mains power-line, the amplitudes were markedly smaller. 
Therefore, the differences in amplitude were attributed to the differences in the coupling 
parameters. For these tests, 03, 05 and 07, only approximately 50% of the total power was 
contained within the OHz to 200.1Hz frequency band, with the remaining power contained at 
the successive harmonics. For the tests 01 and 02, there was the spectral spike at 70Hz, but 
for this trial the peak for the 01 test was higher than for the 02 test. This did not correlate to 
the results from the trial using the two electrode REF-001 system. In addition, there was also 
a spectral spike at approximately 20Hz and its harmonics.
(g) Three electrode Medelec system
The spectra from using the three electrode Medelec system were very similar, figure 9.33, 
which was confirmed from the median frequencies, table 9.34, and the percentage power 
values, table 9.41. Exceptions to this were for the tests 01, 03 and 05. For 01, the data 
showed an increase in the lower frequency components, with 31% of the total power within
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the OHz to 19.5Hz frequency range as compared to the typical approximate 10%. For 03 and 
05 the coupling parameters from the mains power-line were increased and this resulted in 
peaking at 50Hz. However, the increased coupling capacitance between the subject and 
ground for the 07 test resulted in no corresponding peak occurring for this test, even though 
the coupling from the power-line was similar to 03 and 05.
(h) Two electrode Medelec system
The characteristic high amplitudes at 50Hz, observed in the main subject trials - section 9.3.7, 
were also observed in these tests, except for the 06 test where the subject touched the 
grounded chassis. However, harmonic peaking was only measured for the tests which had 
high coupling from the power-line, 03, 05 and 07, figure 9.34. The peak at the first 
harmonic, i.e. lOOHz, was higher than that of the fundamental frequency, 50Hz, and this 
resulted in the median frequency being approximately lOOHz, table 9.34, and also a high 
percentage, 10%, of the total power being contained outside the OHz to 200.1Hz frequency 
range, table 9.42. The reduced amplitude levels observed in the spectral plots for 03 and 05, 
figure 9.34b, were because the gain of the Medelec system was reduced from 2500 to 500 to 
avoid saturation. The peaking at 70Hz for 01 and 02 tests was also observed, in agreement 
with the results from the REF-001 system, figure 9.28a.
9.5 SUMMARY OF RESULTS
9.5.1 General EMG spectrum
By considering the three electrode REF-001 system as being a typical preamplifier used in 
EMG studies, the spectral results from this system can be compared to those from published 
work, for example Hogan and Mann (1980) and Lago and Jones (1981). Results from their 
work showed similar spectral shapes to those calculated in this work; the familiar inverted 'U' 
with a maximum amplitude between 30Hz and 60Hz. However, differences were observed at 
the lower frequencies and it was thought that these may be due to different cut-off frequencies 
used in the preamplifiers and instrumentation. Another explanation may be due to the quasi­
random nature of the motor unit discharges which has been shown to cause the spectrum 
below 20Hz to be highly variable (Gilmore and De Luca 1985). The results from the two
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published works above, also showed peaks at approximately 20Hz and 200Hz. These were 
also observed in this work, such as in the sU 1 trial. At the higher frequencies, above a few 
hundred Hertz, the signal power dropped off rapidly which agrees with the conclusions from 
published work (Scott 1967, Matthieu and Sullivan 1990), and the median frequency 
calculated from this work, 36.6Hz to 70.8Hz, is similar to that in published work (Peyton 
1987, Matthieu and Sullivan 1990, Bilodeau et al 1992).
Though the spectral patterns from these trials are similar to those from published work, any 
direct comparison between the absolute results is difficult because the EMG spectrum is 
dependent on so many factors. Some of these are subject dependent, for example the 
physique of the subject (Kadefors et al 1973, Hogan and Mann 1980), the fibre type 
composition (Christensen 1989) and the thicknesses of the body tissues (Lynn et al 1978, De 
Luca 1984), whilst others are dependent upon the experimental protocol, for example the 
electrode spacings (Kadefors 1973, Zipp 1978). These influence the amplitude levels of the 
recorded signals and determine which frequency components are dominant in the spectrum. 
Therefore, only general conclusions between different referencing systems can be compared 
between trials. These are discussed below.
9.5.2 Effects from different referencing systems
For the two electrode isolated system, REF-001, there was a high amplitude component at 
50Hz in some of the tests. Whereas for the two-electrode non-isolated system, Medelec, this 
component was observed in all the tests and was higher than the corresponding isolated 
system. Since this component is assumed to be power-line interference, the result indicates 
that interference is increased in non-isolated systems. This is in agreement with theory, 
because a non-isolated system will reduce the impedance seen through the preamplifier and 
hence result in increased current, and therefore common-mode potential, levels. In the 
isolated system the interference is more dependent upon the electrode contacts. A third 
electrode significantly reduced the 50Hz peak in both systems to an insignificant level, which 
would be as expected from the interference equation because of the reduced impedance to 
ground. Since the peak levels were different between trials this reduction was comparative.
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The data showed that buffering circuit common before connection to the third electrode, REF- 
002, did not have any observed advantages than compared to the REF-001 system. This may 
be expected, because in these trials the length of the third electrode lead was not considered to 
be significantly long so as to present a significant resistance. In section 3.3.5, it was 
discussed that driving the body at the common-mode potential, as in the REF-003 system, 
may drive it to an ever-increasing potential which may result in significantly increased 
interference levels. However, the data did not show an increased 50Hz component. For this 
system, over the frequency range there was a significant reduction in the amplitude of the 
recorded signals over the measured frequency range, but no cause was attributed to this. 
Since no errors were found during the investigation into the REF-003 preamplifier, it is 
recommended that the system and results need to be further examined.
The conventional driven-right leg circuit, REF-004, with resistive feedback at the driving 
amplifier, resulted in the reduction of the 50Hz component and in the upper frequency cut-off. 
Though the 50Hz reduction was predicted from the theory in section 3.3.4, because of the 
reduced impedance at the reference electrode, the other finding was not. In addition, there 
was an increase in the amplitude of the frequency components below lOHz in the trials for 
which there was shown to be 50Hz peaking in the two electrode REF-001 result. These may 
be due to the 50Hz signal being modulated at the lower frequencies, but no supporting 
evidence for this was found. Spectral spikes occur at the hundreds of Hertz range, but these 
were inconsistent between tests and trials. No significant difference was observed between 
the results from the two different switch positions. Capacitive feedback, REF-007 and REF- 
008, significantly reduced the amplitude at the lower frequencies, which indicated either that 
because the driving amplifier was now configured as an integrator it was no longer not driving 
the body at an increasing d.c. potential or that the integrator circuit was reducing the risk of 
modulating a 50Hz interference signal to the lower frequencies. However, for these two 
systems different results were observed than compared to the REF-004 system. For the REF- 
007 system, the cut-off point at the higher frequencies was not reduced and the spectral spikes 
were eliminated, whereas for the REF-008 system the resultant spectrum was approximately 
the same as for the REF-004 tests.
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The data showed that driving the shields of the input leads in the three electrode REF-005 
system did not significantly affect the recorded EMG signals, as compared to the results from 
a three electrode REF-001 system. Therefore, the advantage from using driven shields to 
reduce the interference from lead displacement currents was, in these trials, insignificant. This 
also confirmed earlier suggestions that the interference from the body displacement current 
was more significant than from lead displacement currents. However, one observation from 
using driven shields was the significant reduction in the low frequency components below 
lOHz. Though this property may be an advantage in some trials, especially if there is 
significant drift in the signal, these frequencies are still within the EMG spectral range, so it 
raises the question of whether any significant EMG information is lost. From the general 
results, this does not appear to be true since only a few percent of the total power was 
contained in the spectrum below approximately 20Hz. For the equivalent two electrode 
system, there was the very high peaking at 50Hz and at the harmonic frequencies, but no 
observed reduction at the lower frequencies. From the results it was suggested that the 
harmonics may be due to capacitive coupling between the shields of the input leads and the 
electrodes, since they are in close proximity. This was indicated to be true from a test which 
measured the EMG signal using shielded and unshielded leads. For these results, figure 9.36, 
the harmonics were present when the leads were shielded, but when the leads were unshielded 
or half-shielded the harmonics were absent. If the harmonics were a result of the system 
directly then it would have been expected that using half-shielded leads would result in similar 
harmonics, though of a smaller amplitude. Since this was not true the coupling theory seemed 
plausible. It is recommended that this result is examined in future work, since it brings into 
question the operation of the driven shield system.
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Fig. 9.36 Effect of shielded leads for the two electrode REF-005 system
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9.5.3 Effects from using different recording conditions
By introducing different recording conditions, the results did not indicate any differences to 
the conclusions from those of the main subject trials. The data for the three electrode systems, 
REF-001, -002 and -005, showed the elimination of the 50Hz component, even for the 
condition of grasping the insulated mains cable where the coupling from the mains power-line 
is very high. For this condition, an increased interference was observed in the two electrode 
REF-001 test by the presence of peaking at 50Hz and its harmonics. Also other interference 
signals were observed at approximately 70Hz when the computer monitor screen was 
touched. This confirmed that a third electrode will not just reduce 50Hz interference. The 
reduction in interference when a third electrode is used was also observed in the non-isolated 
systems and the results confirmed that power-line interference is increased in a non-isolated 
system. For the REF-004 system similar results were observed as before, except for the 
increase at the lower frequencies in the test when the computer screen was touched. The data 
for the two electrode REF-005 system showed the peaking at 50Hz and the harmonics and this 
was exaggerated when the capacitive coupling from the power-line was increased. The 
difference associated with this system was the variation in the amplitudes at specific 
frequencies, which was predominantly true for conditions where there was high levels of 
coupling from the power-lines, where the spectra had significantly lower amplitudes, but still 
very significant 50Hz peaks.
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9.6 CONCLUSIONS
The results indicate that the power-line interference, superimposed on the recorded signal, can 
be reduced by the referencing system. Since it has been shown that a high percentage of the 
EMG signal energy is concentrated around the frequency range from 30Hz to 70Hz, this 
method of reducing the interference is preferable to using a 50Hz notch filter, because of the 
loss of signal information associated with the latter method. From the systems considered, the 
results showed that using a typical three electrode system, REF-001, significantly reduced the 
interference. It was not shown to be less superior compared to the more complex circuits and 
of these some introduced potential problems, such as the reduction of the upper frequency cut­
off in the REF-004 system, whilst others introduced potential advantages, such as the 
reduction of the lower frequency components in the three electrode REF-005 system. Some 
of the results were not understood and therefore need to be further investigated. These include 
the significant reduction in the amplitude for the REF-003 system and the increased harmonics 
for the two electrode REF-005 system. Though there is a need for further experimental work 
to be carried out, it was decided that to investigate these effects and to quantify referencing the 
systems needed to be modelled. These models and the subsequent simulations are discussed 
in the following chapters.
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Chapter 10
INTERFERENCE MODEL AND COMPUTER SIMULATIONS
10.1 INTRODUCTION
From experimental studies the effect of using different referencing systems has been 
investigated. Simulations of these systems, within a model of the body and the electrical 
environment, may provide a means to confirm some of the effects from these measurements. 
In this chapter simulations of the four basic referencing systems are presented, i.e. two/three 
electrode - non-isolated/isolated. Of the sources of noise, artefacts and interference discussed 
in chapter 2 , interference from displacement currents induced from the mains power-line into 
the leads and the body were simulated. This is because these interference sources are 
influenced by the referencing system and because the mains power-line is dominant in hospital 
and university environments, where measurements are commonly taken. The simulations 
were run on a computer using a validated circuit analysis package called SPICE to reduce the 
analysis time. The version of SPICE used was from Meta-Software, the HSPICE version 
h9007 running on a SUN operating system. From this a comparative analysis of interference 
was conducted, with an examination of the effect from changes in the parameters.
10.2 POWER-LINE INTERFERENCE MODRU
A model is presented of a typical recording condition found in two and three electrode 
systems, figure 10.1. It is based on previously published work (Huhta and Webster 1973, 
Thakor and Webster 1980, Marshall and Neilson 1984, Pallas-Areny 1986, Metting van Rijn 
et al 1990) and mimics the electrical environment when recording from the surface of the 
human body. It includes the system characteristics, electrode connections and coupling 
capacitances from the mains power-line and simulates those interference effects which may be 
influenced by the referencing system, as described in chapter 2. The model described is for 
isolated and non-isolated systems using two or three electrodes, determined by switches SWl 
and SW2 as in table 10.1, though it can be modified to simulate other systems by changing 
parameters, for example Zs is absent in a telemetry system. In accordance with other models 
only the input stage of the preamplifier has been modelled because of its direct effect on the
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interference levels, so all values from the analysis are referred to the input. Coupling 
capacitances to the power-lines have been replaced by equivalent current sources (Levkov 
1982^
Fig. 10.1 Model of recording conditions
240V/50HZ Idl \  ^  \  /  Id2
Ib
C5Cd2 CmCb
04 06 AmplifierOdl
Zel R1
Z dm
01
Ztl, Vn
Ze2E2REF Zt2 02
Circuit
CommonSWl
Oe SW2
Ground
Table 10.1 Recording conditions
SWl SW2 Referencing system
Open Open Two-electrode, Isolated
Open Closed Two-electrode, Non-isolated
Closed Open Three-electrode, Isolated
Closed Closed Three-electrode, Non-isolated
Modifications to the model are the inclusion of parameters that have been introduced in the 
literature, but not in any published interference analysis. These are the input cable 
capacitances from the use of shielded leads, Ci_3, derived from the data on practical cables, an 
often overlooked component in a practical system; the stray coupling capacitances between the 
mains power-line and the shields of the leads and amplifier, C4-6 and Cm; differing values
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published for the stray capacitance between circuit common and ground, Ce; and an isolation 
stage mimicking the isolation amplifier, Z$.
C 1.3 : In practical systems shielded leads are often used. However, associated with shielded 
leads are inherent capacitances, C1-3 , which can degrade the input impedance, and hence the 
common-mode rejection ratio, of the amplifier. These potential problems have been discussed 
in section 2.2.8, but in other models these capacitances are often overlooked. For example, 
Thakor and Webster (1980) ignore the lead displacement currents because they are small, but 
using values from Marshall and Neilson (1984), section 10.3.4, this is only true if the leads 
are shielded. Therefore, if Thakor and Webster used unshielded leads their assumption to 
ignore this interference is invalid, and if they used shielded leads then they should have 
accounted for the shield capacitances. For this work shielded leads have been used and are 
simulated by the inclusion of C1-3 , whose values have been derived from data on practical 
cables.
C4 .6 : From Apple and Burgess (1976) any currents coupled into the shields of the leads pass 
harmlessly to ground before reaching the signal conductor, therefore their contribution is 
negligible. However, though this is true for grounded systems, for an isolated system 
displacement currents from these capacitances may affect the common-mode potential and this 
may be further complicated for systems which use driven shields. Therefore, the effect from 
these capacitances have been considered for this work.
Cm: The only reference to this capacitance has been found in Metting van Rijn et al (1990) 
who describe it as the stray capacitance between the power-line and isolated common. They 
indicate that it is dependent upon the physical size of the amplifier and its power supply, for 
example whether it is battery powered. From a similar argument to C4 .6  the effects from Cm 
may be negligible, depending upon whether the amplifier casing is grounded, driven or 
connected to isolated common, but its effect still needed to be considered.
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Ce: The sti'ay capacitance between isolated common and ground can be considered to be the 
amplifier's 'equivalence' to the body's Cg. Therefore, it would be dependent upon the type of 
system and its position. For example, the Ce for a battery powered ambulatory system is 
much less significant than for a system connected to a computer, because the ambulatory 
system can be kept within the 'electrical shadow' of the body which distorts the electric field 
(Marshall and Neilson 1984).
Zs: For isolated systems a more complete model includes an isolation stage, Rg in parallel 
with Cg, to examine the isolation-mode interference (Pallas-Areny 1986). The values for the 
resistive-capacitive circuit are determined by the isolation stage used and to simulate non­
isolated systems the switch SW2 is closed.
However, in most published work it was very difficult to distinguish between Ce and Cg 
because of the terminology used. For example, terms that have been used to describe this pai t 
of the model are "capacitance to ground of the amplifier" (Thakor and Webster 1980), "stray 
capacitance between the amplifier common and earth ground" (Winter and Webster 1983b), 
"capacitance between isolation common and earth" (Metting van Rijn et al 1990) and "stray 
capacitance between the reference terminal and ground" (Pallas-Areny 1986). These all lump 
the two capacitances together and use it to discuss the use of physically isolated stages. Since 
Ce and Cg are dependent upon the system used, and can be modified to mimic other systems, 
for example telemetry and ambulatory systems, the two terms needed to be distinguished.
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Additional stray capacitances coupled to the cables have been omitted. Firstly, the effect 
from the capacitance between the mains power-line and the third electrode lead is ignored 
because no significant contribution from the associated induced current would flow through 
the input electrodes and, as for and 1^2 , it would not significantly affect the common­
mode body potential. Secondly, the stray capacitances from the cable shields to ground are 
omitted because it is expected that when considered in parallel with Cg their contribution 
would be negligible. This is also true for the stray capacitance between the third electrode 
lead and ground. Thirdly, similarly any stray capacitance between the two input electrode 
leads and ground would be effectively in parallel with the amplifier input impedance and 
shield capacitances and the C^-Zg network. From consideration of the values for Cy-Cg and 
Cm-Cg, these coupling capacitances could be considered negligible when taken in parallel 
with these components already mentioned.
10.3 VALUES FOR MODEL PARAMETERS
Each parameter used in the model, figure 10.1, has been evaluated from published work, 
direct measurement or estimates. Values are presented for a typical condition in a typical 
laboratory or hospital environment and for different conditions as a range of values to 
examine the effect of each parameter.
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10.3.1 Body coupling parameters (Ij.. and C ^ )
For typical conditions values from Thakor and Webster (1980) have been used:
Cb=2pF, Cg=200pF, Ib=100nApk 
Though these have been measured under U.S. power-line (110V/60Hz) conditions, they do 
agree to an order of magnitude to those quoted by Marshall and Neilson (1984) and those 
measured in a typical laboratory during this study, section 2.4.3, both from the U.K. power- 
line (240V/50Hz). To simulate different conditions, values measured from the tests described 
have been used, table 10.2. The effect of ly and Cg have been considered separately because 
of their near-independence.
Table 10.2 Measured values for body coupling parameters
Condition Test Na ly/nA (pk) Cg/pF Cb/pF
Eauipment and lights off - 1 51.4 395.2 0.5
(as above) -2. 61.3 216.9 0.6
Equipment off, lights on - 3 51.2 280.3 0.5
Grasping power cable -If 2235 346.4 21.7
Touching metal bench frame -S^ 2466 811.2 23.7
Touching wooden bench top - 6 115.5 263.3 1.1
Touching scope chassis -n- 5.0 3164 0.0
Standing on chair near lights -8 102.3 288.7 1.0
Lying down on table -4 81.7 180.5 0.8
As first condition, though electrode on right ankle -lo 102.7 405.4 1.0
10.3.2 Interna! body impedances Z ^ .  Z^)
In most models the internal body impedances are neglected because they are smaller than the 
skin-electrode impedances (Thakor and Webster 1980, Marshall and Neilson 1984, Huhta and 
Webster 1973). Thus the surface of the body is assumed to be equipotential for a.c. signals 
(Levkov 1982, Shimizu et al 1988). Results from Yamamoto and Yamamoto (1976a) 
measured that with the stratum comeum removed the impedance was of the order of 4000. 
Assuming that this is a good representation of the internal body impedances, supported by 
Huhta and Webster (1973) to an order of magnitude, the equipotential assumption is 
approximately valid provided that the skin is not severely abraded. Thus, these impedances 
have been neglected in the simulations.
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10.3.3 Skin-electrode impedances and Z A
The impedance of the skin-electrode is dominated by the integrity of the interface between the 
skin and electrode and the impedance of the outer layer of the skin, the stratum corneum 
(Yamamoto and Yamamoto 1976b). Using skin preparation this impedance can be markedly 
reduced; though it is recognised that it is also dependent upon other factors, for example 
hydration of the stratum corneum (Steinmetz and Adams 1981) and electrode area (De Weerd 
1984, Godin et al 1991). The skin-electrode impedance is modelled using an R-C network; 
with a resistance representing the dermal tissues in series with a parallel R-C circuit 
representing the epidermal impedance (Gatzke 1974). Since the dermal tissue has a relatively 
low resistance the model is sometimes simplified to just the parallel R-C circuit (Geddes 
1972). For these simulations, which consider 50Hz signals only, all electrode impedances 
have been modelled as a resistance only. This is in accordance with other models and valid 
from the results at 50Hz of (Yamamoto and Yamamoto 1976a,b, Swanson and Webster 1974, 
Rosell et al 1988, Wood 1989, Smith 1993). A 'normal' condition of lOkQ was assumed at 
Zel with a poor recording condition of lOOkQ at Ze2 (Winter and Webster 1983b, Pallas- 
Areny 1986 and 1988), resulting in an imbalance of 90kQ. For most models the imbalance is 
only of the order of lOkO (Huhta and Webster 1973, Thakor and Webster 1980, Metting van 
Rijn et al 1990), though from the above results an impedance of lOOkQ is not unrealistic. To 
examine the effect further, impedance values from lOOO to lOM^l have been used, in 
accordance with the values and wide variation found by Rosell et al (1988) and Swanson and 
Webster (1974). For the general simulations Zr was set to lOkO, as a pure resistance though 
its effect from lOOO to lOMO has been investigated.
10.3.4 Lead coupling parameters (C ^ ._C ^ . I^  anxl l ^ l
The lead displacement current. Id, is dependent upon the type of leads used and the 
surrounding electrical environment (Huhta and Webster 1973). Typical values are rarely 
quoted and no technique has yet been found to measure them. Values have been used from 
Marshall and Neilson's (1984) results for unshielded, shielded and standard coaxial leads: 
Unshielded, 12nA/m; Shielded leads, <15pA/m; Standard coaxial, 75pA/m
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For comparison two commercial leads have been considered; (1) two-core, twisted with a 
single screen and insulation, and (2) two-core, individually screened and insulated, closely 
spaced and parallel inside a moulded figure-of-eight cable sheath; figures 10.2 and 10.3 
respectively. In the experimental set-up, the leads are 50cm in length and run close together 
from the amplifier to the body for a length of 40cm, where the leads separate to go to each 
electrode.
Fig. 10.2 Two-core twisted, single screen
E lo -
E 20-
10cm 40cm
;
Fig. 10.3 Two-core, individual screen
0.8cm 9.2cm 40cm
Of the two leads only the second maintains shielding up to the electrode sites, though for 
practical reasons it is difficult to shield right up to the electrode, usually leaving a few 
millimetres of unshielded lead. From the leads used 8mm was measured to be unshielded and 
using Marshall and Neilson's (1984) results this resulted in higher levels of displacement 
currents than expected.
For the two-core twisted, single screen:
Id -  (12nA X 10cm) 4- (15pA x 40cm) = 1.2nA
For the two-core, individual screens:
Ideally, (complete shielding):
Id = (15pA X 50cm) = 7.5pA
Practically, with 8mm unshielded:
Id = (12nA X 8mm) + (15pA X 492mm) ~ lOOpA
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In the model the second lead was used with the 8mm unshielded length, Id=100pA, though it 
is recognised that these parameters are inter-linked to the lead capacitances because both are 
dependent upon the shielding and the type of lead used.
10.3.5 Lead capacitances (Cr, and Ci)
For the two commercial leads considered described above, the associated capacitances have 
been quoted from the specifications.
1. 2-core twisted (7/0.2 mm tinned copper), single braided screen
C i,C 2 = 210pF/m
Cg = 120pF/m
2. 2-core (7/0.2 mm tinned copper), individually screened, closely spaced and parallel in a 
figure of eight pattern
C i,C 2 = 320pF/m
Cg - data not given; it has been assumed that it is negligible because of the
shielding separating the two wires.
For the model the second was used, therefore Ci and C2 were set to 160pF and Cg was 
considered negligible. For most simulations Ci and C2 are assumed to be equal, but Gatzke 
(1974) indicated that a 5% imbalance between the two capacitances is typical. Therefore, a 
5% and an increased 25% imbalance has been investigated with Ci equal to 160pF; i.e. C2 
equal to l68pF and 200pF respectively.
10.3.6 Stray capacitances from power-lines to cable shields (C£. Cg and
For shields connected to circuit common the assumption that the currents capacitively coupled 
into the shields from C4-6  pass harmlessly to ground may be invalid because they may affect 
the common-mode potential. In the general simulations these capacitances have been ignored, 
but their effect has been investigated in a separate simulation, section 10.6.2(k). In this, the 
three capacitances have been lumped as one element and modelled as a current source. 
Though values have not been published, for this work values from Ip A to InA have been 
used. These were estimated from the results for ly and assuming that the capacitive coupling
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to the shields was about three orders smaller than the coupling to the subject. This work has 
only been considered in conjunction with interference from lead currents, because the C4 .6  
currents used are much less than ly.
10.3.7 Preamp_liJi_er_input impedances (Znvii,?. Zhm). Ri r^_R2 .-an-d_CMRR 
Using input impedance values from data sheets is misleading because it does not take into 
account the impedance of the board or IC sockets on which the preamplifier is usually 
implemented. This appears in parallel with the input impedances and thus the true impedance 
tends to be of the order of lOOMCi, which agrees with the measured input impedances. In 
accordance with published work the impedances were modelled as a resistance because at 
50Hz the effect from the capacitive component, 3.2pF for the OP400G, is negligible. Thus 
typical values used in the model were:
Zdm, ZcMl»ZcM2 = lOOMQ
The range of values used is two orders of magnitude either side of 100M^2, i.e. IMO to 
lOGH, representing a preamplifier with lesser characteristics and one that has not been 
implemented onto an IC socket or board respectively. and R2 , used to limit the input 
currents, are set to lOkQ and a typical value for the CMRR, lOOdB, over the IkHz bandwidth 
especially at 50Hz is been used.
10.3.8 Stray capacitances from power-lines to isolated common
Metting van Rijn et al (1990) define Cm in their model and give typical values. For a small 
battery powered amplifier used in an isolated system then Cm is less than IpF, whereas if the 
system is multichannel and large, with an isolated power supply, then Cm can be as high as 
lOOpF. In this work the contribution from Cm has been examined by considering that the 
capacitance pair Cm-Ce was similar to Cy-Cg. Considering that Cy is of the order of 2pF, then 
because the system is much smaller than the body and that it is battery powered then a typical 
value for Cm is of the order of 0.02pF, i.e. approximately two orders of magnitude smaller 
than Cy. Therefore, an expected value for the current that is coupled from Cm has been 
calculated to be of the order of 2nA and independent of the value of Ce- This value has been
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used in a simulation to examine the effect of Cm, but for the general simulations this 
capacitance has been ignored. Since for non-isolated systems circuit common is grounded, 
Cm does not have an effect on these systems.
10.3.9 Stray capacitance between isolated common and ground fCJ
The importance of accurately determining Ce is because it determines the impedance to ground 
and hence the current drawn by the amplifier, but very different typical values for Ce have 
been published; 2pF (Thakor and Webster 1980) and 200pF (Winter and Webster 1983b). 
These values were used in the simulations. For Ce equal to 2pF the assumption that negligible 
current is drawn is valid, but for Ce equal to 200pF the reactance is of a similar magnitude to 
that of the capacitive coupling of the the body to ground and so significant current may be 
drawn. To examine the effect of Ce values from 0.2pF to 2nF were used to mimic different 
conditions of the system and its position. For the system used in the experimental study, 
which is small and battery powered, it is expected that Ce is at the lower end of this range.
10.3.10 Isolation impedance (Rg^-Cg)
The impedance of the isolation barrier is dependent upon the type of isolation used. For the 
EMG system described the Siemens IL300 opto-coupler was used with characteristics: Rg II 
Cg = 10  ^ II IpF, IMRR = 130dB, so this was used in the model. For comparison a 
capacitively coupled isolation amplifier was considered; the IS0-121 (lO^'^A II 2pF, 
IMRR=115dB).
10.4 SIMULATION OF INTERFERENCE MODEL
10.4.1 HSPICE simulations
The model described in section 10.2 has been simulated using the computer based circuit 
analysis program, HSPICE. For these simulations typical values for the models parameters, 
which have been outlined in the previous section, have been used. Zero node was assigned as 
the reference/datum node and the HSPICE notation defines V(m, n) as the voltage of node m 
referenced to node n; V(m) as the voltage of node m referenced to node 0 and I(Rxx) as the 
current through Rxx, from node m to n if Rxx is defined as "Rxx m n 10k".
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To simplify the understanding of the interference effects the displacement currents needed to 
be considered separately. Since superposition was assumed in the general interference 
equation, equation 10.1, it was valid to simulate models of the displacement currents induced 
into the leads and into the body separately. Preliminary work validated this by comparing the 
results from simulations of the separate models to that of a complete model which had both 
displacement currents present.
Vn -  (Zelldl - Ze2ld2) + VcM  • [cMRR + ( z 'c m  + Z e l '  Z ’c M 2 + ^ Z e2  
, , 7  , Vt+ It-Zt + A.IMRR ( 10. 1)
Circuits which were used to simulate the models are shown in figures 10.4 and 10.5.
Fig. 10.4 Model for lead displacement currents
Idl
Zel{= 3
ZCMI
Id2
C2Ze2
BODY R2
SW l
SW2
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Fig. 10.5 Model for body displacement currents
BODY
4 R2 6
The two switches, SWl and SW2, were simulated on HSPICE by setting values for the 
parameters Zr and Z§. For two electrode systems the line containing Zr was masked, whereas 
for three electrode systems this line was unmasked and Zr equalled lOkO. For isolated 
systems Rs equalled lOOGO, whereas for non-isolated systems Rs equalled zero (i.e. short- 
circuited) and the lines declaring Cs and Ce were masked. The output values used to calculate 
the interference levels from the body displacement current, equation 2.6, are: V(l,3) equalling 
VcM, V(l) equalling Vb , V(3) equalling Vj and V(5,6) equalling the term associated with the 
potential divider network between the electrode and input impedances.
10.4.2 Problem associated with initial simulations
From the results a time-constant effect, with a time constant of approximately 40s, was 
observed for the simulations because of the inherent problems in HSPICE associated with the 
current sources being ideal, i.e. the analysis being continuous starting at time zero and from 
the results appeared to be caused by the isolation stage. Ce and Zg. This resulted in the need 
for simulations to be performed over many seconds to achieve stability, which was not 
practical because of computational time and memory limitations. Attempts to counteract this 
by determining the initial conditions for the capacitance were performed, but this was difficult 
for a complex circuit such as the interference model. Therefore, though the time constant 
effects still exist inaccuracies in measuring the peak-peak values have been minimised by 
measuring at 400ms. This avoids the initial transient effect observed from 0ms to 100ms and
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results showed that the peak-peak values were approximately constant over the 100ms to 
500ms time interval, because the time constant is so large. Though inaccuracies of a few 
percent are present, because of the finite analysis time interval of 1ms, these were insignificant 
compared to the levels of expected errors from the experiments,
10.5 RESULTS FROM HSPICE SIMULATIONS
10.5.1 Introduction
To assess whether the interference wiU significantly degrade the recording a tolerance level has 
been defined by Huhta and Webster (1973) as 1%, since this was considered to not severely 
degrade the recording. They report that a typical ECG potential is ImVpk which results in a 
tolerance level for the ECG as 10p,Vpk. Small differential EMG signals have been defined by 
Johnson et al (1977) as being in the range of 3|hVrms to ImVRMS- From these observations 
interference levels of 30nVRMS (42nVpk) are suggested to be tolerated for the lower value of 
3|-lVrms at the 1% criterion. Values from the simulations described below are all given as 
peak values of a 50Hz signal.
10.5.2 Displacement currents, in leads
Results from the HSPICE simulation of the lead displacement current model, figure 10.4, are 
shown in table 10.3.
Table 10.3 Displacement currents in leads
(All currents are in pA)
Referencing system Ce KZel) I(ZcMl) I(Ze2) I(ZCM2) I(Zr)
Two electrode. Isolated 200pF 59.2 7.2 59.0 7.2 —
2pF 93.9 0.3 93.7 0.3 —
Two electrode, Non-isolated — 37.5 11.7 37.4 11.7 —
Three electrode. Isolated 200pF 95.2 0.0 95.1 0.1 95.4
2pF 95.2 0.0 95.1 0.1 2.9Three electrode, Non-isolated — 95.2 0.0 95.1 0.1 190.3
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10.5.3 Displacement current in body
Similarly the body displacement current model, figure 10,5, has been analysed and results for 
the path currents and common-mode and isolation mode potentials are shown in tables 10.4 
and 10.5.
Table 10.4 Displacement current in body 
(All currents are in nA)
Referencing system Ce I(Zel) I(Ze2) I(Zr) KCg)
Two electrode. Isolated 200pF 18.6 18,5 — 59.12pF 0.7 0.7 ----- 95.6
Two electrode, Non-isolated — 30.2 30.2 37.5
Three electrode. Isolated 200pF 0.0 0.0 47.7 47.4
2pF 0.0 0.0 1.4 95.6Three electrode, Non-isolated -- 0.1 0.1 95.1 0.1
Table 10.5 Common-mode body and isolation-mode potentials
Referencing system Ce Vb VCM VI
Two electrode. Isolated
Two electrode, Non-isolated 
Three electrode. Isolated
Three electrode, Non-isolated
200pF
2pF
200pF
2pF
947.6mV
1.5 V 
583.8mV 
767.6mV
1.5 V 
951.4UV
359.5mV
13.2mV
583.8mV
476.8pV
14.3pV
951.4UV
5S8.3mV
1.4V
767.6mV
1.5V
10.5.4 D iscussion
Levels of interference from displacement currents induced into the leads and the body, for a 
typical recording condition, have been calculated from the simulations and by substitution into 
the general interference equation 2.9. For the leads, the interfering signal appears across Zdm 
and is measured directly from the HSPICE output, V(2,5). An approximate value can be 
calculated by substitution of I(Zei) and I(Ze2) into equation 2.3, but this assumes that no 
current flows into the amplifier inputs. For the body, the interference is calculated from 
equation 2.6 by substitution of the common-mode body potential, VcM or V(l,3) into the first 
component, Vcm/CMRR, and from direct measurements from HSPICE, V(Zdm) ox V(5,6), 
for the potential divider network term. Results are shown in table 10.6.
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Table 10.6 Electrical interference from displacement 
currents induced into the leads and the body
Referencing system Ce Leads Body
Two-electrode, Isolated 200pF 5.3pV 1.7mV
2pF 8.4|rV 64.0pV
Two-electrode, Non-isolated — 3.4pV 2.7mV
Three-electrode, Isolated 200pF 8.6pV 2.3pV
2pF 8.6|XV O.lnV
Three-electrode, Non-isolated 8.6uV 4.7uV
(a) Displacement currents induced into_ the input leads
Using a third electrode validates the assumption, section 2.2.8, that a negligible proportion of 
the displacement current flows into the amplifier inputs, because of the low impedance of the 
third electrode relative to the effective input impedance of the amplifier. From these results 
this current has been calculated to be less than 1%. Thus, the interference can be 
approximately predicted from equation 2.3; equalling 9|iV (=100pA x 90kQ) using typical 
values. HSPICE results are not exactly 9.0p.V because of the practicality that some current, 
however negligible, is sunk by the amplifier.
For two electrode systems the analysis is more dependent upon the system used. For the 
isolated amplifier it depends upon the value used for the stray capacitance between circuit 
common and ground, Cg. With a low capacitance (2pF) the impedance to ground through the 
amplifier is increased, so it is valid to assume that negligible current flows into the amplifier 
inputs and the interference can be predicted as for a three electrode system. However, if the 
capacitance is high (200pF) then the effective 'isolation' impedance is decreased sinking 
significant current through the inputs with a decrease in interference. For a non-isolated 
amplifier the impedance to ground through the amplifier and through the body are similar in 
magnitude, hence significant current does flow into the inputs.
Results show that the interference for two and three electrode amplifiers are of the same order. 
For two electrode amplifiers the use of the interference equation over-estimates the actual
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interference. It is interesting to conclude that for these systems, which are considered to be 
non-ideal because the current sunk by the inputs is not negligible, the interference is smaller 
than for the three electrode systems.
(b) Displacement currents induced into the body
Results show that the currents in each path depend upon the referencing system used and the 
value of the stray capacitance between circuit common and ground. Ce- The amplifier input 
currents are insignificant for the three electrode systems, because of the low impedance to 
ground through the third electrode compared to the amplifier input impedance. However, for 
two electrode amplifiers these currents cannot be ignored. Thus, the three electrode amplifiers 
have significantly reduced common-mode body potentials with respect to circuit common, and 
hence reduced interference levels by about three orders of magnitude compared to the 
equivalent two electrode systems. Isolated amplifiers have marginally reduced interference 
levels compared to the equivalent non-isolated ones, the difference being greater if the stray 
capacitance. Ce, is lower.
For isolated amplifiers the isolation-mode potential is not significantly infiuen&d by whether 
two or three electrodes are used, but it is dependent upon the value of the stray capacitance. 
Ce. For each isolated system isolation-mode interference is of the order of hundreds of nano­
volts, but since this interference is referred to the output of the high gain preamplifier it is 
insignificant compared to any common-mode interference generated at the preamplifier inputs. 
This is except for the three electrode, isolated (Ce=2pF) system, where the isolation-mode 
interference equals 0.5nV compared to O.lnV for the body interference. However, it has been 
neglected because it is far below the 1% tolerance levels.
10.6 EFFECT OF PARAMETER CHANGES
10.6.1 Introduction
For the above simulations typical values for the model parameters have been used. The effect 
of reasonable ranges for these parameters, section 10.3, were examined in the following 
simulations. This was done for each parameter by defining an array of the possible values and
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commanding the HSPICE simulation to sweep these values. Results from the simulations are
tabulated in appendix E, to one decimal place. Each is discussed in the following sections and
shown graphically where appropriate, but in some graphs there is a data point at a parameter
value for which the full set of results was not measured and hence not included in the tables.
The graph axes express impedances as resistances, for example Zcm is shown as RCM. In
summary, the parameter ranges used in the simulations are re-iterated below, with the typical
value in parantheses:
Z d m :  IM Üto lOGQ (lOOMO)
Balanced Z c m ’s : Zcmi = ZcM2 = IMQ to lOGQ (lOOMO)
Imbalanced Zcm's: Zcmi = lOOMQ and Zcm2 = IMQ to 10Gi2 (lOOMQ)
Balanced Ze’s: Zei = Ze2 = 100A to lOMO (Zei = lOldl and Ze2 = lOOkO)
Imbalanced Z e ’s:  Zei = lOkQ and Ze2 = lOOO to lOMQ 
Z r: lOOn to lOMn (lOkQ)
Ib, Cg: 10 conditions as outlined in section 10.3.1 (lOOnApk and 200pF respectively) 
Imbalanced Ci_2 : Ci = 160pF and C2  = 168pF and 200pF (Ci = C2 = 160pF)
Rs - Cs (Zs): lO lla  - IpF and lO^^Q _ 2pF (lOUQ - IpF)
Ce: 0.2pF to 2nF (2pF and 200pF)
Cm: equivalent to a current source of 2nApk (ignored)
C4 .6 : equivalent to a single current source of IpApk to InApk (ignored)
10.6.2 Displacement currents in leads
(a) Effect of ZpM
In each of the systems there were no significant differences in the interference levels as Zdm 
was varied, except for approximately a 10% decrease when Zdm equalled IMH because of a 
shift between the two electrode currents, tables E.la and b. Conclusions on meeting tolerance 
levels remained unchanged.
(b) Effect _of_balanced_Zr m *s
For all systems if the impedances are balanced and greater than 100M^2 then the effect from 
varying Zcm was not significant. However, as Zcm decreased below lOOMO then so did the 
interference, figures 10.6 and 10.7 because of a decrease in the currents through the 
electrodes. For two electrode systems, table E.2a, the interference was very dependent upon 
Ce, i.e. the degree of 'isolation', whereas each of the three electrode systems, table E.2b,
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showed negligible differences between the non-isolated and isolated cases. These conclusions 
were also found in the simulations which used typical values.
Fig. 10.6 Effect of balanced amplifier input impedances on leads interference
(2 electrode systems)
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Fig. 10.7 Effect of balanced amplifier input impedances on leads interference
(3 electrode systems)
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(c) Effect of imbalanced, Zcm !^
For two electrode systems an interesting feature was observed, figure 10.8. For isolated 
systems the interference decreased as ZcM2 decreased and this was dependent upon the 
'isolation' stage at Ce. However, for the non-isolated system the interference markedly 
increased as Zcm2 dropped below 300k£2. This was because of the simultaneous rise in both 
electrode currents, whereas for the other systems I(Zei) increased as I(Ze2) decreased, table 
E.3a. In each of the three electrode systems the results were as for the balanced impedances, 
table E.3b. The resultant decrease in interference, figure 10.9, as Zcm2 decreased was a 
direct result of the decrease in the current through the second electrode, whereas the current 
through the first remained unchanged.
Fig. 10.8 Effect of imbalanced amplifier input impedances 
on leads interference (2 electrode systems)
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Fig. 10.9 Effect of imbalanced amplifier input impedances 
on leads interference (3 electrode systems)
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(d) Effect of _balanceii_Z^is
In each of the systems the interference was zero and for most cases there was no significant 
effect on the results, tables E.4a and b. However, in the three electrode system there was a 
decrease in the input electrode currents and hence in the third electrode current at 10M£2.
(e) Effect of imbalanced Z^s
In each of the systems the interference was zero when the imbalance was zero and inherently if 
Ze2 was low then the absolute imbalance was lower. For the three electrode systems, there 
were no significant differences between the interference levels for the three systems, figure 
10.11. Whereas, for the two electrode systems the levels of interference were dependent also 
upon the isolation stage, figure 10.10. In all systems there were no significant changes in the 
electrode currents, except at above lOMQ where there was a shift in the levels between the 
two electrodes, tables E.5a and b. For all systems if Ze2 was less than 100kS2 then the 
interference satisfied the 1% ECG criterion, though only the two electrode non-isolated system 
satisfied that for the EMG criterion.
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Fig. 10.10 Effect of imbalanced electrode impedances on leads interference
(2 electrode systems)
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Fig. 10.11 Effect of imbalanced electrode impedances on leads interference
(3 electrode systems)
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(f) Effect of Zj:
From the results shown in figure 10.12 the interference was constant from lOOH to lOOkO 
but then decreased. This was more marked for systems which had a reduced 'isolation' 
impedance, i.e. the non-isolated system and when Ce equalled 2pF, because of the reduced 
currents through the electrodes, table E.6. For Zr less than lOOkO the interference level best 
represented that predicted from equation 2.3. Conclusions on the interference levels meeting 
the 1% criterion remained unchanged.
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Fig. 10.12 Effect of third electrode impedance on leads interference
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For two electrode systems, the interference was dependent upon Cg, figure 10.13. As Cg 
increased then so did the interference, but as before this was also dependent upon the isolation 
stage. An upper level for the interference, equal to that for three electrode systems, occured 
when Cg equalled approximately 2nF and the results showed that below approximately InF, 
any small change in Cg may result in marked changes to the interference because of the 
increased currents through the electrodes, table E.7a. For three electrode systems as Cg 
increased then the current through the third electrode decreased, table E.7b, except for the 
non-isolated case, but the interference remained unchanged. Conclusions on meeting 
tolerance levels remained as before.
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Fig. 10.13 Effect o f  body-ground capacitive coupling on leads interference
(2 electrode systems)
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(h) Effect of imbalanced Ci_?
For two electrode systems there was a decrease in interference as the imbalance increased, 
because of the reduced impedance through the amplifier inputs which resulted in reduced 
currents through the electrodes, table E.8a. For three electrode systems there was no 
significant change in the results and interference levels, table E.8b.
(i) Effect of R s-C s
No significant differences between the interference levels were observed for the different 
isolation amplifiers, tables E.9a and b. However, for two electrode systems the value of C$ 
affected the path currents, with a slight decrease in the electrode currents for increased C$, 
since it is parallel to Ce.
(j) E££ê£U 2L £s.
For two electrode systems an increase in Ce resulted in lower interference levels because of the 
reduced currents through the electrodes, table E.lOa and figure 10.14. For three electrode 
systems an increase in Ce resulted in increased currents through the third electrode and the 
input impedances, table E. 10b, but this did not result in any significant change to the currents 
through the electrodes or in the interference levels.
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Fig. 10.14 Effect of coupling between Isolated
common and ground on leads interference
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For two electrode systems the interference was unchanged for currents smaller than lOpA, but 
with an increase in the coupling current from € 4.^ the currents through the input electrodes, 
table E .lla , and hence the interference levels were markedly increased, figure 10.15. For 
three electrode systems the low impedance path offered by the third electrode resulted in no 
significant changes to the currents through the input electrodes, table E .llb , and hence in the 
interference levels. Results show that the assumption to ignore this component for lead 
displacement current models is supported provided that the coupling current is below lOpA.
Fig. 10.15 Effect of capacitive coupling to shields on leads interference (2 electrode system)
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10.6.3 Displacement current in body
(a) Effect of Zhm
In each of the systems the effect from varying Zdm was not significant for values greater than 
or equal to lOMd. For IMQ, the interference term V(5,6) decreased by approximately 10% 
because of shifts in the electrode currents from the input stage changing, tables E.12a and b. 
However, VcM, Vg and Vi remained unchanged. Conclusions on meeting tolerance levels 
were unaltered.
(b) Effect of balanced Zriu's
For all systems if the balanced Z c m 's were greater than lOOMO then the effect from varying 
ZcM was insignificant, figures 10.16 and 10.17 Below lOOMO the interference increased 
because of the increased currents through the electrodes, except for the two electrode isolated 
(2pF) case where there was a small decrease in the interference, tables E.13a and b. The 
changes were more marked for the three electrode systems because VcM did not change 
significantly, whereas for two electrode systems there was a resultant decrease in V c m > from 
which it counteracted with the decreased Z c m - The increased interference failed to meet the 
tolerance levels, so it is important to maintain a high Z c m - The peak rise in interference at 
3MQ for the two electrode systems may be due to approximation errors in HSPICE and in the 
reading of peak-peak values.
Fig. 10.16 Effect of balanced amplifier input impedances on body interference
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Fig. 10.17 Effect of balanced amplifier input impedances on body interference
Interference/pV 40
10 1001 1000 10000
2e-iso(2pF) 
-EH 3e-iso(200pF) 
* 3e-iso(2pF) 
^  3e-non-iso
RCM/MOhm
(c) Effect of imbalanced Zçm !^
As for balanced conditions, there was no significant difference when Zcm2 was greater than 
lOOMQ, figures 10.18 and 10.19 and below lOOMO the interference markedly increased, 
even though Vcm decreased. This was because of the disproportionate increase/decrease 
between the two electrode currents; increasing through the second electrode and decreasing 
through the first, tables E.14a and b. Comparing these results to those from the balanced 
Zc m ’s the graphs have very similar patterns, but it was considered that a high input 
impedance, such as lOOMO, was more important than balanced impedances.
Fig. 10.18 Effect of imbalanced amplifier input impedances on body interference
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Fig. 10.19 Effect o f imbalanced amplifier input impedances on body interference
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With balanced electrode impedances the interference term from the potential divider network,
i.e. V(5,6), was zero for all cases. Since this term is the dominant term in the body 
interference equation, equation 2.6, the interference remaining was due to the direct effect of 
the CMRR on the common-mode potential. All two electrode systems satisfied the 1% 
tolerance level for the ECO, but not for the EMG, and all three electrode systems satisfied it 
for the EMG; tables E.lSa and b. Results did not significantly change as Ze increased, except 
at 10Mf2 for two electrode systems where there was an increase in V c m -
(e) Effect of imbalanced Z^'s
In each of the systems the path currents and the body potentials did not change significantly as 
Ze2 varied, except at lOMQ when there was a change in the distribution of the electrode 
currents. This resulted in an increased V c M  for two electrode systems, but not for three 
electrode systems. However, interference levels were very dependent upon the imbalance 
with marked increases as the imbalance increased, figures 10.20 to 10.22. For two electrode 
systems a near ’zero' imbalance was very critical to satisfy the 1% tolerance criterion, table 
E.16a. However, for three electrode systems if Ze2 was less than lOOkJQ it resulted in 
interference levels satisfying the 1% EGG criterion, but for the EMG criterion values less than 
lOkGS were required, table E. 16b.
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Fig. 10.20 Effect o f imbalanced electrode impedances
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Fig. 10.21 Effect of imbalanced electrode impedances on body interference
(expanded version of fig. 10.20)
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Fig. 10.22 Effect o f imbalanced electrode impedances on body interference
(3 electrode systems)
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(f) Effect of Zj.
Simulated for the three electrode systems only, an increase in Zf resulted in increases in the 
electrode currents, in Vcm and hence in the interference levels, table E.17 and figure 10.23. 
From ico n  to IMO there was an approximate ten fold increase for each decade change in Z^ , 
and the results show the importance of maintaining a low impedance at the third electrode. 
For 1% interference for the ECG a value below lOkQ was required for all systems, whereas 
for the EMG a value below IkO was required.
Fig. 10.23 Effect of third electrode impedance on body interference
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(g)
In each of the systems, as ly increased then so did the interference; tables E.lSa and b. 
Results showed that the relationship between the interference and ly was approximately linear 
for three electrode systems, figure 10.24, with a proportionality factor of 50 for the non­
isolated system. This validated the equation presented by Huhta and Webster (1973) where 
Vcm = Ib-Zf. For two electrode systems none of the conditions, except touching the chassis, 
resulted in interference that satisfied the ECG 1% criterion. Whereas for three electrode 
systems most satisfied this criterion and some satisfied the EMG criterion, for example when 
Ce equalled 2pF or when the subject touched the chassis.
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Fig. 10.24 Effect of body displacement current on body interference
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The effect of Cg was not shown to have any significant effect on interference levels, since 
both high and low interferences have been calculated for when Cg was low, for example under 
normal conditions and when the subject grasped the power cable.
(h) Effect of imbalanced C1 . 2
In each of the systems, as C% increased, with the associated increase in the imbalance, then so 
did the interference levels. This was because of the shift in the current levels in the two input 
electrodes, i.e. increasing through Ze2 though decreasing through Zei; tables E.19a and b
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However, for the more typical imbalance of 5% there was an increase of approximately only 
3% in the interference. For an imbalance of 25% the corresponding increase in interference 
was approximately 15%. Neither of these conditions changed the initial conclusions of 
meeting the tolerance criterion.
(i) Effg£LsLR^z£s.
Results for three electrode systems showed no significant difference between the three 
isolation stages, table E.20b, and for two electrode systems significant differences were only 
observed when Ce equalled 2pF, table E.20a. From the results the Siemens IL300 has been 
shown to be superior with decreased Vcm  atid interference probably due to the lower Cg.
(j) Effect of Cp
For both two and three electrode systems, as Ce reduced then the current through the body- 
ground capacitive coupling increased; tables E.21a and b. This resulted in an increased Vb, 
but a reduced V c m  and hence a reduced interference level, figure 10.25. As with other 
simulations significantly reduced interference levels were observed for three electrode 
systems.
Fig, 10.25 Effect of isolated common-ground 
capacitive coupling on body interference
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For two electrode systems, the effect of Cm was dependent upon Ce, table E.22a. With a 
lower Ce, i.e. an increased 'isolation' impedance, the decrease in interference was markedly 
increased; approximately 67% for when Ce is equal to 2pF compared to a few percent when 
Ce is equal to 200pF. Results for this interference validate the decision that Cm could be 
ignored in the typical simulations, because for all systems, except for one, the effect of Cm is 
not significant and even for this one the interference was still of the same order of magnitude. 
For three electr ode systems, the displacement current from Cm did not significantly affect the 
interference levels, but there was a slight decrease in the input electrode currents, table E.22b.
10.7 DISC U SSIO N
The general interference equation from chapter 2, only considers the interference effects from 
displacement currents induced from the power-lines into the leads and into the body, since 
these sources dominate in typical recording environments. Therefore, in the simulations of the 
general interference model only these two interferences have been calculated to compare levels 
between two and three electrode systems which are isolated and non-isolated. To assess the 
significance of the interference levels on the recording a 1% criterion was proposed by Huhta 
and Webster (1973). For the ECG and the EMG signals, criterion levels were calculated to be 
lOqVpk and 42nVpk respectively.
From the displacement currents induced into the leads, typical interference levels were of the 
order of a few p-V for both two and three electrode systems. Therefore, all systems satisfy the 
1 % criterion for the ECG, but not for the EMG. In the general equation, this interference was 
calculated by assuming that no current flows into the amplifier inputs, resulting in an 
interference of Id.AZe when the displacement currents are equal. From the results this 
equation is approximately valid for three electrode systems because of the comparatively low 
impedance offered by the third electrode. However, for two electrode systems the assumption 
that negligible current flows into the amplifier inputs is invalid. Since the current through the 
electrodes is now reduced, this results in a reduced level of interference and the use of the 
interference equation would over-estimate it. This result introduces the anomaly that two
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electrode systems reduce power-line interference, which does not conform to the over-riding 
belief that a third electrode is an improvement, section 3.3.1. Direct comparisons to the 
results from the experimental work is difficult because of the dominance of interference fi*om 
the body displacement current. This needs to be re-examined to try and increase the 
significance of the lead displacement currents.
From the displacement current induced into the body, the level of interference is more 
dependent upon which referencing system is used than was observed for the displacement 
currents induced into the leads. Since the third electrode provides a low impedance path for 
displacement currents, there is an observed reduction in the common-mode potential with 
respect to circuit common for three electrode systems than compared to two electrode systems. 
As a result the interference for the three electrode systems are approximately three orders of 
magnitude lower than for the comparable two electrode system. This difference in order is 
predicted fi'om the interference equation, since for a three electrode system ly flows through a 
lOkil impedance and for a two electrode system ly flows through the preamplifier input 
impedances, of the order of tens of MQ. Isolation is also an important factor for both two and 
three electrode systems. By increasing the effective isolation impedance, for example by 
reducing the stray capacitance between isolated common and ground, the levels of interference 
can be markedly reduced. Interference is of the order of several mV and several qV for non­
isolated two and three electrode systems respectively, whereas for isolated systems it depends 
upon the isolation with typical values from several mV to tens of pV for two electrode systems 
and several pV to less than InV for three electrode systems. Therefore, only the three 
electrode systems satisfy the 1 % criterion for the ECG, with the isolated system when Ce is 
equal to 2pF also meeting the EMG criterion. The two electrode systems fail to meet either of 
the criterion. From substitution of the value for V c m  into equation 2.6, the calculated 
interference is equal to that from the simulation. This confirms the validity of the equation. 
The equations and these results confirm the findings firom the experimental analysis, because a 
reduction in the amplitude in the 50Hz peak of the order of 1000 would result in a dB 
reduction of 60. This would not be measured using the system developed and explains the 
elimination of 50Hz peaking in all three electrode systems, whether isolated or non-isolated.
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As a further investigation into the interference levels on the general model the effect from the 
model parameters was examined. The anomaly observed for displacement currents induced 
into the leads was exaggerated during this work. For example, from simple theory of 
measurement systems a high input impedance is required to prevent loss of signal at the 
amplifier inputs. However, from this work reduction of the amplifier input impedance 
reduced the interference levels. This anomaly between the theory and the simulations was also 
observed for other parameters, for example the impedance of the third electrode, the stray 
capacitance between isolated common and ground, and the imbalance between lead shield 
capacitances - all of which need to be minimised. For most of the parameter changes the 1% 
criterion was met for the ECG, but not for the EMG, and interferences were of the order of 
several pV, From the results of the parameters associated with the capacitive coupling to the 
environment, it is recommended that the body-ground capacitance and the displacement 
current from the capacitive coupling to the lead shields should both be minimised.
The most important parameter in determining the interference from displacement currents 
induced into the leads is the imbalance between the two input skin-electrode impedances. This 
should be minimised and this is best achieved by ensuring that the absolute impedances are 
minimised, since from this the imbalance would inherently be smaller. For the condition 
simulated, where Zei equals lOkO, Ze2 needed to be less than lOOkQ to meet the 1% ECG 
criterion, but to meet the EMG criterion an imbalance of less than a few hundred Ohms is 
needed. This is difficult to achieve without using abrasion.
Interference results from simulations of the body displacement current were more akin to the 
expected results, than for the lead currents, and the effect from parameter changes were more 
marked than in the lead displacement currents. Since the term associated with the potential 
divider network, between the amplifier inputs and the electrode impedances, in equation 2.6 
dominates the interference it is important to maintain a low common-mode body potential with 
a high amplifier input impedance and balanced skin-electrode impedances. It is recommended 
that the differential-mode and the common-mode input impedances should be greater than 
lOMO and lOOMQ respectively. In particular, to reduce the common-mode body potential
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with respect to circuit common several conditions may be met; a reduction in the impedance of 
the third electrode contact, an increase in the effective isolation and a reduction in the body 
displacement current. This may be achieved by ensuring a good contact for the third 
electrode, less than lk£2 resulting in interferences meeting both the ECG and EMG criteria, 
and careful selection of the recording environment, for example minimising the presence of 
mains cabling. Since the body-ground capacitive coupling did not have a significant effect the 
presence of grounded objects/persons in the vicinity does not matter. As for the leads, it is 
important to maintain low values for, but more importantly minimised imbalances between, 
the two input skin-electrode impedances.
10.8 CONCLUSIONS
A model has been developed that allows the analysis of interference effects from displacement 
currents induced into the leads and into the body. By considering each model parameter and 
estimating/calculating typical values, simulations of the model using a computer based circuit 
analysis package have been performed. Results from the four basic referencing systems have 
shown that there are differences in the interference levels between the referencing systems 
considered, and by comparing the levels to a 1% tolerance criterion for a bioelectric signal, 
conclusions on these can be reached. It has been shown that three electrode systems and 
isolated systems are superior, with regard to interference, compared to other systems and that 
probably the two most important parameters in any recording environment are maintaining 
small displacement currents, which are a result from the capacitive coupling to the system, and 
the imbalances between the input skin-electrode impedances. This model has only considered 
the basic referencing systems, so this is modified in the next chapter to account for the more 
complex systems.
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Chapter 11
COMPUTER SIMULATIONS OF REFERENCING SYSTEMS
11.1 INTRODUCTION
In the previous chapter, computer simulations were used to investigate the effects from power- 
line interference on two and three electrode systems with and without isolation. However, 
because the preamplifier was modelled only as a high input impedance, there were limitations 
in using this model for more complex referencing systems. These systems, such as the 
driven-right leg, use characteristics from within the preamplifier and so the simulations needed 
to be developed to enable comparisons to be made between the results from the computer 
simulations and the experimental work. These are discussed in this chapter; including a more 
practical model of the preamplifier used in the experiments and details of how the referencing 
systems were incoiporated into this. For these analyses, the HSPICE analysis package was 
used and the interference was considered from displacement currents induced into the leads 
and into the body.
11.2 SIMULATION OF EXPERIMENTAL PREAMPLIFIER
11.2.1 Simulation circuit
The simulated preamplifier was based on the three op-amp instrumentation amplifier used in 
the experimental work, figure 3.1. One modification to this was the replacement of the two 
coupling capacitors, Ci and C2 , with a single capacitor. This was because if the two 
capacitors were used, then there would be no d.c. path to datum (node 0) from the common 
point between them. Since HSPICE calculates the d.c. operating point for all nodes in each 
simulation, this would result in a 'd.c. convergence error', inhibiting the simulation to run. 
No account was taken of the PCB or the IC socket which were used to mount the 
preamplifier.
Since this circuit was the basis of all the referencing systems, and hence used in all 
simulations, it was defined as a subcircuit for simplification. Within the preamplifier
2 5 3
subcircuit, models of the OP400G op-amp and the 1N4148 diode were called up as macro 
subcircuits from libraries in the network. The characteristics of the simulated preamplifier 
were measured using a simple test program, which connected a sinusoidal signal of amplitude 
ImV to one of the inputs, whilst the other was connected to circuit common. The two main 
analyses performed were an a.c. sw eep analysis, which measured the performance of the 
circuit over a defined frequency range, and a transient analysis, which examined the response 
to a pre-defined signal of known amplitude and frequency. Other analyses were also 
conducted, including measurement of the d.c. sm all signal tr a n te r  function . The results from 
these simulations are discussed in the following section.
11.2.2 Characteristics of the simulated preamplifier
(a) Frequency response of the magnitude and nhase
C om m and  - A C  D E C  10 0 .1 1 M EG
This calculated the magnitude and phase response of the circuit over the defined frequency 
range, i.e. 0.1 Hz to IMHz, at 10 steps per decade.
Magnitude response
The gain of the circuit was approximately 500 with -3dB cut-off points at approximately 3Hz 
and 1.2kHz, figure 11.1. This results in a gain-bandwidth product of approximately 600k 
and is in accordance with that measured for the experimental preamplifiers, section 5.3.4.
Fig. 11.1 Magnitude response of simulated preamplifier
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Phase response
Results from the phase response showed a high frequency cut-off at 1.2kHz resulting in a 
reduction in the phase of 45°, figure 11.2. The capacitor resulted in the additional phase shift 
of 90° at the lower frequencies, at a cut-off point at approximately 3Hz, but with no changes to 
the response at higher frequencies. Over the frequency range of 3Hz to IkHz, which is 
considered to be the surface EMG bandwidth, the phase shift did not change by more than 
45°. As for the magnitude response, the results were in accordance with those from the 
experiments.
Fig. 11.2 Phase response of simulated preamplifier
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(b) Input and output impedance
C om m and  - .N ET VIN
This calculated the circuit’s small-signal input and output impedance over the specified 
frequency range. The results for the input impedance are discussed below, but because the 
output impedance was of the order of | l i Q ,  the limitations of HSPICE resulted in a resultant 
zero for the output impedance. The input impedance was greater than 650M£2 for frequencies 
below 9Hz with peaking at 5Hz to 730MQ, figure 11.3. Above 5Hz, the input impedance 
decreased to approximately 1IMQ at IkHz, where the response started to level off. Though 
these values did not meet the experimental requirements of greater than lOOMQ over the 
frequency range from 3Hz to IkHz, section 5.3.1, the input impedance was greater than
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lOOMQ at the power-line frequency, 50Hz. The impedance was of a similar order to those 
measured in the experimental work, section 5.3.4.
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Fig. 11.3 Input impedance of simulated preamplifier
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From the phase of the input impedance, the relationship between the capacitive and resistive 
components was evaluated. At low frequencies the resistive component dominated, whereas 
at higher frequencies the capacitive component dominated, figure 11.4. This was supported 
by the results that at low frequencies the real part of the input impedance was approximately 
the same as the magnitude of the input impedances, whereas for higher frequencies the 
magnitude was larger than the real part, implying that an imaginary part was also important 
The results validated the approximation of using a resistance for the impedance, as discussed 
in section 10.3.7.
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Fig. 11.4 Phase response o f input impedance
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(c) Common-mode rejection ratio
The common-mode rejection ratio, or CMRR, was measured by connecting both inputs to the 
input source and performing an a.c. analysis. Results, figure 11.5, showed that the CMRR 
was greater than 149dB from 0.1 Hz to IkHz and was approximately 151dB from lOHz to 
800Hz, which is a significant portion of the EMG bandwidth. Above IkHz the CMRR 
decreased by approximately 20dB/decade, but at lOOkHz limitations in the HSPICE op-amp 
model caused errors. It was shown that the CMRR was independent of the input level and the 
op-amp power supplies to within an approximate error of ±5dB. These values are higher than 
those measured experimentally, but this could be attributed to practical limitations in the real 
IC packages.
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Fig. 11.5 CMRR o f  simulated preamplifier
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(d) D C. small signal transfer function
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This analysis measured the gain and the input and output resistances at d.c. Results showed 
that the input and output resistances were of the order of 650MO and 0.2mQ respectively and 
independent of the supply rails. If the diodes were removed the input resistance was markedly 
increased to lO^^Q, which is of the order calculated firom the data sheet of the OP400G 
(Wood 1990). The d.c. gain of the preamplifier was measured to be -1.07.
(e) Noise levels
The noise was measured for three conditions:
1. inputs shorted to ground
2. inputs shorted by a lOkA resistor
3. as (2), but with second input shorted to ground
Results showed that the preamplifier output was a d.c. signal which was 558p.V, 551p,V and 
651p.V respectively for the three conditions and zero for an a.c. sweep. These results were 
independent of the power supply levels and were smaller than the approximate noise levels of
1.5mVp-p measured from the experimental preamplifiers, section 5.3.4.
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11.3 SIMULATIONS OF REFERENCING SYSTEMS
To simulate the different referencing systems, the model of the preamplifier was implemented 
into the general interference model,, with modifications to account for the referencing used. 
The systems examined were:
1. REF-001 - Basic referencing systems
Two and three electrodes; isolated and non-isolated
2. REF-002 - Circuit common via buffer to body
Three electrodes; isolated and non-isolated
3. REF-003 - Common-mode point to body via buffer
Three electrodes; isolated and non-isolated
4. REF-004 - Driven-right leg system with resistive feedback
Three electrodes; isolated and non-isolated
5. REF-005 - Driven shield configuration
Two and three electrodes; isolated and non-isolated
6. REF-007 - Driven-right leg system with capacitive feedback
Three electrodes; isolated and non-isolated
7. REF-008 - Driven-right leg system with capacitive feedback and driven shields
Three electrodes; isolated and non-isolated
The modifications to select between two and three electrode systems and between isolated and 
non-isolated systems were the same as those used previously, using the Zp and Ce-Rs-Cg 
declarations. As before for the isolated systems simulations were run with Ce equal to both 
2pF and 200pF. The simulations were run for the conditions - isolated, with Ce equal to 2pF 
and 200pF, and non-isolated. The values for the other parameters in the model, such as the 
skin-electrode impedances, were the same as in the previous simulations. Each system was 
then simulated for both of the interference sources considered; displacement currents induced 
into the body and into the leads. The peak-to-peak values were calculated for defined output 
variables and to minimise the effects from time constant limitations the peak-to-peak was 
measured over the time interval firom 460ms to 490ms.
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11.4 ERRORS ASSOCIATED WITH THE SIMULATIONS
Due to the added complexity of these circuits, the simulations described in this chapter 
required further input control to remove errors associated with these simulations. These are 
discussed in this section.
11.4.1 Failure in convergence at the d.c. operating point
By considering the non-isolated REF-001 system, the simulation ran with no errors. 
However, when the system was isolated the simulation failed, with an error message of 'no 
convergence in the d.c. operating point'. This was shown to be a direct cause of the current 
source being used, since the same simulation using a voltage source converged. It is 
suggested in the HSPICE manual that non-convergence occurs when nodes are improperly 
initialised; for example by setting nodal values to unrealistically high or low values or by 
feedback creating an oscillatory nature. Therefore, it was believed to be a direct cause of the 
long time constant associated with the isolation stage; 20.1s and 0.3s when Ce equalled 200pF 
and 2pF respectively.
Diagnostic procedures during the simulation recommended the use of setting the d.c. input 
contro\J)CON, to 2. However, this did not prevent the error. Since HSPICE automatically 
calculates the operating point in each analysis, the d.c. operating point analysis needed to be 
bypassed using the UIC statement in the transient analysis declaration. This initialises all 
nodes to zero. UIC was set for all simulations, irrespective of whether they converged, 
because the differences between using it and not using it were insignificant considering the 
accuracy worked to in the resultant tables. This resulted in all circuits passing this 
convergence test.
11.4.2 Internal timesteo too small errors
In a transient analysis HSPICE calculates the output variables by solving a system of non­
linear equations at discrete time points. The timestep between these points can be either fixed 
or variable and this is used to attempt convergence in all equations. For a variable timestep 
algorithm, the time-step is increased when nodal voltages are stable and decreased when they
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change very rapidly. Therefore, this increases the accuracy and reduces the simulation time. 
With the d.c. convergence problem solved some of the circuits still aborted as a result of an 
error of the 'internal time-step being too small', which implied that there were non-convergent 
nodes in the transient analysis. These simulations which still failed to converge were: 
Displacement currents in leads - REF-001 (two electrodes), REF-003, REF-004 and REF-008 
Displacement currents in body - REF-001 (two electrodes), REF-003, REF-004, REF-005 
(two electrodes), REF-008 (non-isolated).
Since the problem is from non-convergence, it may be due to the instantaneous rise in the 
power supplies from OV to ±8V. However, initialising these nodes to, their respective 
voltages still failed to achieve convergence. So to allow the circuit time to adjust to these 
voltages, the power supplies were re-defined as piece-wise linear sources with a ramped 
response (Rashid 1993), figure 11.6.
Fig. 11.6 Piece-wise linear response used in power supplies
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However, this did not solve the problem so the HSPICE algorithms, used to calculate the 
timestep and the output variables were examined and controlled using further commands. 
These are discussed below:
Numerical integration method:
This algorithm calculates the nodal voltages and is therefore directly relevant to the condition 
when the circuit converges. Two algorithms are available, the trapezoidal, or TRAP, and 
GEAR, and these are selected by using the METHOD input control; the default used by 
HSPICE is TRAP. For accuracy this method is recommended, but for circuits with
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oscillations and non-convergence, the GEAR method is used. This is because of its additional 
filtering properties and increased robustness at the expense of reduced accuracy, and is 
particularly recommended for op-amp circuits.
Iteration timestep control algorithm:
HSPICE allows the selection of three variable timestep algorithms - iteration count, truncation, 
DVDT - and these are set by the LVLTIM control option. The iteration count (LVLTIM=0) is 
the simplest algorithm and varies the timestep according to the number of iterations used in the 
last solution. The truncation algorithm (LVLTIM=2) continuously varies the internal timestep, 
by using a truncation error within a Taylor series approximation. The DVDT algorithm 
{LVLTIM=J or 3) calculates the time-step based on the rate of nodal voltage changes, with the 
timestep either being based on aU past time point solutions or just the last and present points.
Initially for the non-convergent simulations the following control options were used: 
METHOD-TRAP to maintain the accuracy of the simulations, DVDT=2 as the TRAP default 
and basing the timestep on all the past solutions, LVLTIM=1 using timestep reversal to 
calculate the new timestep and DC0N=2 to achieve maximum d.c. convergence, and hence the 
optimum initial guesses for the nodal voltages. These options resulted in the following 
simulation converging: body displacement cunent - REF-004, isolated cases only.
For those remaining, the GEAR method was selected for its increased robustness in op-amp 
convergence problems and the truncation timestep control algorithm was defaulted to. This 
only resulted in the non-isolated circuit of the above simulation converging, with all other 
simulations still failing to converge. These were further examined following discussions with 
colleagues from the Department of Electronic and Electrical Engineering at the University of 
Surrey, which were primarily concerned with changes being made to the options controlling 
the different algorithms used and to reducing the tolerances accepted by HSPICE. However, 
this was with no further success.
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Following this, Meta-Software was contacted and their recommendations to achieve 
convergence followed. These included modifying the op-amp model, such as changing the 
conductance parameters at the p-n junctions; defining maximum nodal voltage changes, since 
the preamplifier had a high gain and using different options to control the timestep iteration 
algorithm. In addition, one of their bipolar IC designers recommended that the inductance 
value used in the model of the OP400G op-amp was too high for such a device and so it was 
removed. These were incorporated into the simulations, but they still failed to converge. It 
was then decided that because of time restrictions the problem would not be examined further. 
It is thus included as a recommendation for future work.
11.5 RESULTS FROM SIMULATIONS
The simulations which ran with no errors were:
Displacement currents in leads:
REF-001 - Three electrodes; isolated and non-isolated
REF-002 - Isolated and non-isolated
REF-005 - Two and three electrodes; isolated and non-isolated
REF-007 - Isolated and non-isolated
Displacement current in body:
REF-001 - Three electrodes; isolated and non-isolated
REF-002 - Isolated and non-isolated
REF-004 - Isolated and non-isolated (switch down)
REF-005 - Three electrodes; isolated and non-isolated
REF-007 - Isolated and non-isolated
REF-008 - Isolated only
The results from the simulations are shown in tables 11.1 to 11.11 and all results are given as 
peak values. For tables 11.1 to 11.5 the term Vn is the interference voltage at the inputs to the 
preamplifier and for tables 11.1 to 11.11 the term Vqut refers to the output of the preamplifier 
with respect to circuit common. For each simulation the nodal voltages and the path currents, 
similar to those in the previous chapter, and the output of the preamplifier were measured. In 
addition, for the simulations examining the effect from lead displacement currents the body 
corrunon-mode potentials and isolation-mode potential were also calculated as a comparison to
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those from the body displacement currents. There was no significant difference in the results 
for the REF-007 or REF-008 systems when the resistance at the output of the driving 
amplifier was either IMQ or lOkfli, as used in the REF-004 system.
11.5.1 Interference from lead displacement currents
Table 11.1 Three electrode REF-001 - interference from lead displacement currents
Output variable Isolated, Ce=200pF Isolated, Ce=2pF Non-isolated
l(Zel) 99.8pA 99.5pA 99.6pA
I(Ze2) 99.8pA 99.4pA 99.6pA
KZr) lOO.lpA 3.2pA 199.2pA
Vn 9.01U.V 8.9iiV 9.0pV
VoUT 4.5mV 4.5mV 4.5mV
Vb 1.6mV 3.1mV 2 .O1L1V
Vi 1.6mV 3.1mV —
VcM l.OfxV 31.5nV 2.0jLiV
Table 11.2 REF-002 - interference from lead displacement currents
Output variable Isolated, Ce=200pF Isolated, Ce=2pF Non-isolated
KZel) 99.7pA 99.9pA 99.7pA
I(Ze2) 99.7pA 99,9pA 99.7pA
I(Zr) 99.9pA S.OpA 199.4pA
Vn 9.0|iV 9.0|xV 9 .O11V
VoUT 4.5mV 4.5mV 4.5mV
Vb 1.6mV 3.1mV 2.0jrV
Vi 1.6mV 3.1mV -
VcM l.OpV 29.7nV 2.0pV
Table 11.3 Two electrode REF-005 - interference from lead displacement currents
Output variable Isolated, Ce=200pF Isolated, Ce=2pF Non-isolated
KZel) 99.5pA 99.4pA 28.4pA
I(Ze2) 99.5pA 99.4pA 27.6pA
Vn 9 .O11V 9.0|rV 2.5aV
VoUT 4.4mV 4.4mV 15.5|liV
Vb 618.8mV 621.6mV 879.5|XV
Vi 6 18.9m V 621.6mV -
VcM 294.0|iV 29.9pV 879.5|XV
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Table 11,4 Three electrode REF-005 - interference from lead displacement currents
Output variable Isolated, Ce=200pF Isolated, Ce=2pF Non-isolated
99.8pA 99.5pA 99.6pA
I(Ze2) 99.8pA 99.6pA 99.7pA
KZr) 101.5pA 170.5pA 199.3pA
Vn 9.0jrV 9.0fiV 9.0M.V
VoUT 4.5mV 4.5mV 4.5mV
Vb 1.6mV 3.2mV 2.0pV
Vi 1.6mV 3.2mV -
VcM l.OpV 0.2nV 2.0pV
Table 11.5 REF-007 - interference from lead displacement currents
Output variable Isolated, Ce=200pF Isolated, Ce=2pF Non-isolated
I(Zel) 99.7pA 99.4pA 99.6pA
I(Ze2) 99.7pA 99.4pA 99.6pA
KZr) 99.9pA 3.0pA 199.2pA
Vn 9.0jrV 8.9|iV 9.0pV
VoUT 4.5nniV 4.5mV 4.5mV
Vb 1.6mV 3.1mV 5.5fLiV
Vi 1.6mV 3.1mV -
VcM 5.5nV 5.5pV 5.5pV
11,5.2 Interference from body displacement current
Table 11.6 Three electrode REF-001 - interference from body displacement current
Output variable Isolated, Ce=200pF Isolated, Ce=2pF Non-isolated
I(Zel) O.OnA O.OnA O.lnA
I(Ze2) O.OnA O.OnA O.lnA
KZr) 49.9nA 1.4nA 99.5nA
KCg) 49.6nA 97.7nA O.lnA
Vb 783.4mV 1.5V 994.9|iV
Vi 783.4mV 1.5V -
VcM 498.6JXV 14.6iiV 994.9|rV
VoUT l.lm V 38.7|jlV 2.3mV
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Table 11.7 REF-002 - interference from body displacement current
Output variable Isolated, Ce=200pF Isolated, Ce=2pF Non-isolated
KZel) O.OnA O.OnA O.lnA
I(Ze2) O.OnA O.OnA O.lnA
KZr) 50.1nA 1.5nA 99.7nA
KCg) 49.8nA 98.1nA O.lnA
Vb 788.6mV 1.5V 996.8pV
Vi 788.6mV 1.5V -
VcM 500.8HV 14.7pV 996.8pV
VoUT 1.2mV 38.8|lV 2.3mV
Table 11.8 REF-004 - interference from body displacement current
Output variable Isolated, Ce=200pF Isolated, Ce=2pF Non-isolated
KZel) O.OnA O.lnA O.OnA
I(Ze2) O.OnA O.OnA O.OnA
KZr) 49.9nA 1.6nA 99.7nA
I(Cg) 49.7nA 98.4nA O.OnA
Vb 787.0mV 1.6V 9.9pV
Vi 787.0mV 1.6 V —
VcM 5.0pV 2.1|rV 9.9jiV
VoUT 16.1UV 8.2|iV 30.4|xV
Table 11.9 Three electrode REF-005 - interference from body displacement current
Output variable Isolated, Ce=200pF Isolated, Ce=2pF Non-isolated
KZel) O.OnA O.OnA O.OnA
I(Ze2) O.OnA O.OnA O.OnA
KZr) 49.6nA 1.5nA 99.4nA
KCg) 49.3nA 98.5nA O.lnA
Vb 778.6mV 1.6 V 994.3pV
Vi 778.7mV 1.6 V ——
VcM 495.7|LiV 14.8|rV 994.3|liV
Vour 32.0pV 5.7JXV 61.7|aV
Table 11.10 REF-007 - interference from body displacement current
Output variable Isolated, Ce=200pF Isolated, Ce=2pF Non-isolated
O.OnA O.OnA O.OnA
I(Ze2) O.OnA O.OnA O.OnA
KZr) 48.8nA 1.5 n A 99.7nA
KCc) 49.7nA 98.1nA O.OnA
Vb 788.3mV 1.5 V 2.5|XV
Vi 788.3mV 1.5 V -
VcM 1.2jLiV 37.9nV 2.5|rV
VoUT 5.9jaV 5.1M.V 7.5|iV
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Table 11.11 REF-008 - interference from body displacement current
Output variable Isolated, Ce=200pF Isolated, Ce=2pF
O.OnA l.lnA
O.OnA 1.4nA
KZr) SO.lnA 2.4nA
KCe) 49.9nA 99.5nA
Vb 16.6V 32.4V
Vi 16.6V 32.4V
VcM 11.8|xV 31.8pV
VoUT 32.6|xV 83.1|rV
11.6 DISCUSSIO N
To assess the significance of interference levels a tolerance level of 1 % of the expected signal 
was defined, section 10.5.1; EGG - lOpVpk and EMG - 42nVpk. Since the gain of the 
preamplifiers at 50Hz was 500, these tolerance levels have been re-defined referred to the 
output as 5mV and 21|iV respectively. Levels of the interference at the preamplifier output, 
from displacement currents induced into the leads and into the body, have been measured from 
the simulations for the typical recording condition. These have been tabulated for direct 
comparisons to be made to these criteria, table 11.12. A dash in the table denotes that no 
results were obtained from the simulation.
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Table 11.12 Electrical interference for each referencing system
Referencing system Isolation stage (Ce) Leads I Body
REF-001,2 electrodes — No results available
REF-001,3 electrodes Isolated (200pF) 4.5mV l.lm V
Isolated (2pF) 4.5mV 38.7UV
Non-isolated 4.5mV 2.3mV
REF-002 Isolated (200pF) 4.5mV 1.2mV
Isolated (2pF) 4.5mV 38.8UV
Non-isolated 4.5mV 2.3mV
REF-004, switch down Isolated (200pF) — — 16.1UV
Isolated (2pF) — 8.2wV
Non-isolated •— 30.4uV
REF-005,2 electrodes Isolated (200pF) 4.4mV —
Isolated (2pF) 4.4mV —
Non-isolated 15.5uV
REF-005,3 electrodes Isolated (200pF) 4.5mV 32.ÛUV
Isolated (2pF) 4.5mV 5.7uV
Non-isolated 4.5mV 61.7UV
REF-007 Isolated (200pF) 4.5mV 5.9uV
Isolated (2pF) 4.5mV 5.1uV
Non-isolated 4.5mV 7.5UV
REF-008 Isolated (200pF) — 32.6uV
Isolated (2pF) — 83.1UV
Non-isolated — —
11.6.1 Displacement currents in the leads
Prior to the interference-related effects from the induced lead currents being discussed, the 
contribution from these currents on the common-mode and the isolation-mode potentials were 
examined. The results showed that for all systems the contribution was negligible, calculated 
to be less than 1.4%, and often less than 1%. This is because the lead displacement currents 
were significantly smaller than the body displacement current, by three orders of magnitude.
Except for the non-isolated two-electrode REF-005 system, the interference results in table
11.12 did not show any significant differences between the referencing systems. The results 
from the three electrode REF-001 system, table 11.1, confirmed those from the previous 
simulations, section 10.5.2, which did not use the preamplifier model. In this system, 
negligible current flowed into the preamplifier inputs and therefore the interference could be 
accurately predicted from the interference equation, section 2.2.8. However, because of non­
convergence the results from the two electrode REF-001 were not confirmed. The results 
from REF-002, table 11.2, and REF-007, table 11.5, matched very closely to the REF-001 
results. This is not surprising for REF-002, because of the close similarity in the circuits, but
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those from REF-007 indicated that the apparent advantage from using a driven-right leg 
system were not significant for the interference from lead displacement currents. However, 
this could not be confirmed using the resistive feedback circuit, REF-004, because the 
simulation did not converge.
The results from the three electrode REF-005 system, table 11.4, were also similar to the 
above systems, except for the increased current through the third electrode when the isolation 
stage was Ce equal to 2pF. Though this did not affect the interference at the output, it did 
significantly increase VcM from approximately 30nV to 0.2|aV. Due to non-convergence of 
the two electrode REF-001 system, the results from the two electrode REF-005 system, table
11.3, could not be compared to this system. However, using comparisons to the simpler two 
electrode simulation, section 10.5.2, it was shown that the REF-005 results were independent 
of the value for the stray capacitance. Ce. This was from the reduced current flowing into the 
amplifier inputs, because of the reduced effect from the shield capacitances resulting in an 
increase in the effective input impedance. In contrast, the input impedance in non-driven 
shield systems is comparable to the impedance through the body-ground stray capacitance.
When the two-electrode REF-005 system was non-isolated, there were reduced currents 
through the electrodes and hence smaller interference voltages at the input, table 11.3. 
However, it was observed that the preamplification was not 500, which may be from 
increased currents flowing through the preamplifier inputs setting up erroneous potentials. 
These may then become superimposed on the input potential with cancellation, rather than 
summation, effects. Therefore, explaining the apparent low interference level.
From table 11.12, all referencing systems satisfied the ECG tolerance criterion. None 
satisfied the EMG criterion except for the non-isolated two electrode REF-005 system, but this 
simulation and/or the result is considered to be erroneous because of the incorrect preamplifier 
gain. From the general interference equation, to satisfy the EMG criterion the skin-electrode 
imbalance would need to be less than 4200. In most tests, this would require the electrode 
sites to be abraded.
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11.6.2 Displacement current in the body
The results from the interference due to the displacement current induced into the body 
showed that this was significantly affected by the referencing system used. The three 
electrode REF-001 system, table 11.6, confirmed the results from the previous simulations, 
section 10.5.3. However, in the isolated (2pF) system, the interference at the output was not 
500 times larger than the expected value from the previous simulation, 50nV (= 500 x O.lnV). 
Since the results from REF-001 and REF-002, table 11.7, were very well matched, this 
difference was attributed to be from within the op-amp model and not due to the system. 
Results from the two electrode system were not available.
The REF-004 system had similar path currents to REF-001, but the common-mode potentials 
of the body with respect to circuit common were reduced, table 11.8. Since the currents 
flowing through the third electrode were the same, this reduction was attributed to the 
reduction in the effective impedance of the third electrode contact. This was predicted from 
the general theory of this system, and Winter and Webster (1983b) calculated that the driven- 
right leg reduced the effective impedance by a factor equal to G + 1, where G is the gain of the 
driving amplifier, 2Rf/Ra» section 3.3.3. This is equal to 200 in these simulations. They 
also estimated that the current through the third electrode equalled that in equation 11.1.
I(Zr) =  Ib . (1 1  1)
By substituting values into equation 11.1, the values for the current through the third electrode 
in the REF-004 cases were: isolated, Ce=200pF: 50nA and Ce=2pF: In A; and non-isolated: 
lOOnA. These matched very well to the results from the simulations, table 11.8, and for these 
simulations, where the switch in the driving amplifier circuit is down, the common-mode 
potentials, Vcm» matched very closely to those predicted from the equations proposed by 
Winter and Webster, section 3.3.3. This confirmed the theory of the driven-right leg system 
and its reduction of the interference levels. With the switch in the upper position, the output 
interference was halved, as predicted from equation 3.4 because Zr and Rq were now equal.
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As in the other systems, the path currents and the common-mode and isolation-mode 
potentials for the three electrode REF-005 system, table 11.9, matched those from REF-001. 
However, the interference at the output was reduced and this became more significant as the 
impedance of the isolation stage reduced. None of the results indicated why this was 
observed, but from the theory it was probably because of the effective increase in the input 
impedance of the preamplifier from the reduced effect of the capacitances associated with 
shielded leads. The interference values were of the order of those from REF-004.
The REF-007 system resulted in a very similar response as measured for REF-004. The path 
currents, table 11.10, matched those from REF-001, but with a reduced common-mode 
potential, VcM» and hence a reduced interference at the output. The differences in the outputs 
compared to REF-004 were attributed to the difference in the impedance values and this was 
shown to be more significant as the value of Ce decreased. However, since this may be due to 
the impedances of the resistive-capacitive networks, it was suggested that to reduce the power- 
line interference there was no significant difference between the resistive and capacitive 
feedback driven-right leg systems. For REF-008, the significant differences are the increased 
values for Vb and Vi, table 11.11, and the output interferences were smaller than for REF- 
001, but these were not as significant as when either of the two configurations were used on 
their own - REF-004 and REF-005. This may be a result from superposition of the 
interference levels, because the values could be positive or negative depending on the sign of 
the difference in the skin-electrode impedance. One deviation from the normal pattern was the 
increase in the interference as Ce decreased. This may also be from the superposition effects, 
but this needs to be investigated.
From table 11.12, all referencing systems satisfied the 1% criterion for the ECG 
measurement. However, only the isolated REF-004, the isolated (Ce=2pF) three electrode 
REF-005 and the REF-007 systems satisfied the criterion for the EMG.
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11.7 CONCLUSIONS
The simulations from the REF-001 system confirmed the results from the preliminary 
simulations described in the previous chapter. For the interference from displacement currents 
induced into the leads, all referencing systems satisfied the tolerance criterion for the BCG, but 
none for the EMG, except for the two electrode REF-005 system. However, this was 
considered to be erroneous because of the incorrect preamplifier gain. It was shown that 
interference from the displacement current induced into the body, resulted in all systems 
satisfying the ECG criterion, with the isolated driven-right leg and the three electrode - isolated 
(Ce=2pF) driven shield also meeting the EMG criterion. However, the results from these 
complex systems, especially for the driven-right leg system, showed that the general 
interference equation needed to be used with caution. Therefore, it was concluded that for the 
recording condition considered, with a high imbalance in the skin-electrode impedances, the 
use of one of the more complex referencing systems significantly reduced the interference 
from the power-lines.
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Chapter 12
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 
WORK
12.1 C O N C L U SIO N S
The relative merits of published bioelectric referencing systems have been investigated. As 
outlined in the objectives discussed in the introduction, this investigation was initially 
qualitative. However, this was extended so that the effects could be quantified using 
experimental analysis and computer simulations. It is believed that this fills a gap in the 
literature, since there has been no published quantitative analysis of these referencing systems.
The experimental analysis was undertaken to maintain the practical importance of referencing. 
A system was developed to measure the EMG signal from the skin surface over biceps brachii 
during an isometric contraction, for reasons of ethical considerations and to control and 
standardise the signal. Following a detailed investigation of published experimental rigs, a rig 
was designed and built in-house to minimise the effect from other muscles. The signals were 
then measured using a developed instrumentation system; with particular attention to the 
design of the preamplifier, the implementation of published referencing systems and the 
electrical safety. The recorded signals were analysed using frequency domain based 
parameters.
The computer simulations were undertaken to confirm the results from the experiments. They 
were based around a general interference model, developed from published work, and run 
using SPICE, a computer based circuit analysis package. An assumption used in the model 
was that the body surface was equipotential for a.c. signals, therefore the body was 
considered as a single node. The simulations examined the effect from displacement currents 
induced into the body and into the leads and the results were compared to a 1% tolerance 
criterion for the interference. Typical and non-typical values were assessed for each parameter 
and the effect from these was examined.
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It was desired that the results and conclusions from these studies be used to improve the 
measurement of bioelectiic potentials by assistingin the design of and/or the choice between 
different referencing systems. The conclusions from this work are identified below and the 
recommendations for further work aie suggested in the next main section.
12.1.1 Preliminary work
1. Sources of noise, artefacts and interference have been examined. Of these it was 
concluded that interference from the capacitive coupling from the power-lines to the body 
and to the electrode leads were the most significant. This was because these were 
indicated to be influenced by referencing.
2. From the qualitative analysis of published referencing systems it was concluded that the 
driven-right leg circuit with driven shields was superior to the other systems in reducing 
interference.
3. The experimental system has been used successfully in subject trials, but it is 
recommended that the electrical safety is re-examined to meet B.S. 5724.
4. Parameters were identified to quantify the surface EMG. These included amplitude 
based time domain measurements and frequency domain parameters; including the 
median frequency, the spectral distribution of power and visual observations. It was 
shown that the frequency domain parameters were more repeatable from test-to-test in 
the same trial, which was necessary for this work, but not from day-to-day or between 
subjects. From considering acceptable practical variations, tolerance margins were 
presented for each parameter.
12.1.2 Experimental analysis
1. The results indicated that the interference was primarily due to the displacement current 
induced into the body, rather than into the leads. This was from tests using shielded and 
unshielded leads to introduce var ying induced cuiTent levels.
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2. A high percentage of the total power was contained within the 39.1Hz to 61.0Hz 
frequency band. Therefore, it was concluded that the decision not to use a 50Hz notch 
filter was correct, because it would have resulted in the loss of some of the signal 
information.
3. A two electrode system sometimes resulted in high peaking at 50Hz, which was due to 
power-line interference. A third electrode significantly reduced this interference, but its 
position on the subject was not shown to be significant. Comparing the results from the 
two electrode systems, an isolated system significantly reduced the power-line 
interference. In three electrode systems, isolation was not observed to further reduce the 
interference.
4. Compared to the results from using the conventional three electrode system, there was no 
observed further reduction in the power-line interference when a more complex system 
was used. However, the distribution of the spectral power was shown to be influenced by 
the systems. For example, the driven-right leg circuit reduced the high frequency cut-off 
which indicated a possible loss of signal information at the higher frequencies.
5. For the REF-004 system, there was sometimes observed an increase in the amplitude of 
the frequencies below 5Hz. This tended to occur when there was a measured 50Hz 
peaking in the two electrode REF-001 tests. This indicated that the increase in the lower 
frequencies may be due to this 50Hz signal being modulated at a lower frequency.
6. Driving the body at its common-mode voltage, resulted in a significant reduction in the 
amplitude of the recorded signal. This result was not completely understood in this work, 
therefore it is recommended to be investigated further.
7. The driven shield system reduced the interference levels. However, the three electrode 
system reduced signals at the lower frequencies. This may result in the loss of signal 
information, but it may be beneficial in experimental conditions with a high level of d.c. 
drift in the signal. This may be particularly important for the d.c. measurement system. 
The two electrode driven-shield system produced excessive peaking at the power-line 
frequency and its harmonics and this was believed to be due to capacitive coupling 
between the input leads and the electrode sites.
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8. Measurements in extieme electiical conditions showed that the systems using a third 
electrode, including the REF-001 and the REF-004 systems, all resulted in negligible 
interference levels. In the two electrode system, the conditions with high capacitive 
coupling produced high levels of interference at 50Hz and its harmonics. This interference 
was again shown to increase in a non-isolated system.
12.1.3 Computer simulations
1. Confirming the conclusion from the experimental tests, the results from the computer 
simulations showed that the power-line interference was significantly reduced in three 
electrode and isolated systems.
2. To minimise this further the parameters which were shown to have a marked influence on 
the results were the capacitive coupling to the body and to the leads and the imbalance in 
the skin-electrode impedances. These need to be minimised to reduce the interference. 
Practically, the first requires a detailed examination of the recording environment, 
identifying possible sources of interference and taking steps to reduce these, such as the 
optimum layout and shielding of power-lines around the measurement room. The second 
needs to ensure good contacts at the electrodes, which is done clinically by abrading the 
skin surface. However, it would be beneficial not to use abrasion because of a reduced 
test time and minimised risk from skin initation or reactions.
3. Comparing the results from the different referencing systems, there was no significant 
difference in the interference from the lead displacement cunents. One anomaly with these 
simulations was that the two electrode system resulted in lower interference levels than the 
three electrode system. This was because of the increased currents into the amplifier 
inputs for the two electrode system, which invalidated the interference equation.
4. To minimise interference from the body displacement current, the results recommended the 
used of an isolated driven-right leg system or a three electrode isolated (Ce=2pF) driven 
shield system. These systems were shown to meet both the ECG and EMG 1% 
interference tolerance criterion. This confirmed the general conclusion from the 
qualitative analysis.
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From the qualitative analysis, it was concluded that to minimise the interference effects the 
driven-right leg circuit with driven shields should be used. This would reduce the common­
mode potential on the body, because of a reduced effective impedance to ground through the 
third electrode, and reduce the effects resulting from the capacitances associated with shielded 
leads. This was confirmed in the simulations, if the system was isolated. The experimental 
results showed the reduction in the power-line interference for these systems, but compared to 
the conventional three electrode system any possible further reductions were insignificant.
The driven-right leg and driven shield systems resulted in the reduction of the higher 
frequency cut-off and in the components at the lower frequencies respectively. Though it has 
been shown that only a few percent of the total power is contained in these regions, they may 
result in the loss of signal information. Therefore, the effect needs to be investigated further. 
The practical advantages of using these systems may be negligible because of the inherent 
accuracy of the measurement system, but it also needs to be considered that the original 
circuits were designed for specific purposes. For example, the driven-right leg circuit was 
designed to compensate for a poor third electrode contact in a non-isolated system. This 
problem may be eliminated for the electrodes used in this work and the preamplifier 
characteristics would probably have improved.
This work has shown that the development of a bioelectric signal instrumentation that reduces 
external interference effects, particularly power-line interference, is very important. The 
results have illustrated that referencing is an important aspect of this. By reducing the effects 
at source minimises the dependence on complex filtering systems/software, such as that used 
in adaptive filtering. From the system and method described, the investigation into 
referencing may be extended. This may be in relation to further a.c. signals or to the 
originally proposed d.c. measurements. The recommendations for furture work are described 
in the following sections.
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12.2 RECOMMENDATTONS FOR FUTURE WORK
12.2.1 Experimental studies
(a) Measurement of experimental parameters
To confirm the experimental results from the interference equations requires the measurement 
of some of the experimental parameters. The capacitive coupling from the power-lines to the 
body was already measured in this work and it is recommended that this is extended to 
measure the common-mode voltage on the body, the displacement currents induced into the 
leads and the imbalance in the skin-electrode impedances.
The common-mode voltage on the body needs to be measured to confirm the assumption that 
the body surface is equipotential for a.c. sources, since this is used in the interference equation 
and the computer simulations. The current technique used in measuring the coupling 
parameters to the body may be developed, but it is anticipated that an alternative measurement 
probe needs to be built which 'isolates' the body from ground. The probe will be required to 
measure the potential at different points on the body.
The measurement of the coupling from the power-lines to the leads is needed to confirm the 
interference equation and to determine the relative contribution from the body and leads 
induced interference. This is particularly important in examining the results from the two 
electrode driven shield system, because of the results from the shielded and unshielded tests. 
A published technique was not found, but it would probably be more complex than the one 
used to measure body coupling parameters because of making connections to the leads without 
altering the electrical environment around them. Similarly, the capacitive coupling between the 
power-lines and circuit common and between circuit common and ground needs to be 
measured if the simulations are to be valid.
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The skin-electrode impedance imbalance is common in determining the interference from the 
leads' and the body. Therefore, this needs to be measured or controlled if the results are to be 
further quantified. Two options are suggested:
1. Measurement could be used to calculate the expected interference levels and then be 
imported into the simulations to directly compare the experimental and simulation 
results. It is recommended that the 'a.c. coupled skin impedance meter', designed by 
Wood (1989) and Smith (1993), be developed to suit this purpose.
2. If the electrode sites are extensively abraded, the skin electrode impedances, and hence 
the imbalance, are minimised. Following this, by using an R-C circuit, in series with 
each electrode, the skin-electrode impedances could be simulated and hence effectively 
controlled. The R-C values could be selected according to the integrity of the contact 
required. This is a development of the work by Gordon (1980) who used resistors.
(b) Using different interference sources
For this work, the interference from the power-lines induced into the body and into the leads 
was examined. In order to investigate the effect from using the different referencing systems 
in the vicinity of other interference sources, it is recommended that tests are conducted with 
'extreme' interference conditions. For these conditions the coupling parameters to the body 
and leads could then be measured. Examples of such sources are:
1. Magnetic coupling - using a current carrying coil, for example a solenoid, in a 
reproducible position near the subject, such as over the electrode sites.
2. Radio frequency - similar to the magnetic coupling example, but using an RF generator 
or a mobile telephone or radio pager, as carried by many clinicians.
3. Static electricity - one possibility may be to charge up a polythene rod and hold it close 
to the electrode sites.
4. Electric fields - using mains powered equipment in the vicinity of the subject or placing 
the subject's arm inside an electric field.
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(c) Further investigation into the experimental results
The results from the experimental tests were compared using defined tolerance margins. 
These were ±5Hz for the median frequency, ±5dB for the spectral amplitudes and 5% for the 
percentage power values; section 7.6. The first two were calculated from limitations in the 
data acquisition or analysis, but the margin for the percentage power values was estimated. 
It is recommended that these tolerance margins are fiirther investigated. This should include 
an examination of the statistical variation from the blocks used to perform the averaging and 
further repeatability tests to collect sufficient data to draw statistical conclusions in the 
variation in the signal parameters and in these tolerance margins.
During the development of the EMG instrumentation, it was measured that the system did not 
meet the B.S. 5724 requirements for the earth and enclosure leakage currents. Though this 
was considered safe, because the subject or the investigator did not touch any accessible parts 
on the computer or CED-1401, it is recommended that prior to further tests this is re­
examined.
The experimental analysis presented several results which were not completely understood in 
this work. These are listed below.
1. The reduction in the amplitude and spikes being introduced into the spectra for the 
results from driving the body at its common-mode potential, REF-003.
2. The decrease in the high-frequency cut-off in the driven-right leg, REF-004, results.
3. The presence of harmonics in the two electrode driven shield, REF-005, system and 
the possible coupling from the shields to the electrodes.
4. The presence of spikes in the two electrode non-isolated, Medelec, spectra.
These results need to be re-examined using further subject trials, including running 
consecutive tests with the same system but with modifications. For example, disconnecting 
the third electrode when using the REF-003 system, as described in section 9.3,4, or using 
different feedback elements at the driving amplifier in the REF-004 system. The 
recommended work described in (a) and (b) may help to explain some of these results.
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(d) Effect from the experimental set-up
The preliminary tests which examined the effects from extreme differences in the experimental 
protocol, such as the position of the forearm, need to be extended. This will investigate the 
effect from reasonable differences, for example the forearm being ten degrees either side of the 
mid-position, and hence may be used to explain some of the results observed. These tests 
need to be conducted using each of the developed systems, because the referencing system 
may affect the results, such as the two-electrode REF-005 system using shielded and 
unshielded leads.
(e) Extension of main subject trials
The subject trials need to be extended by using the referencing systems in different 
applications; such as telemetry, ambulatory and multi-channel systems, and measuring 
alternative bioelectric signals; such as the ECG and the EEG. The first is designed to confirm 
that the conclusions aie valid for these systems, since these tend to have different coupling 
parameters, and the second is because some of the systems were designed for specific 
purposes, such as the driven-right leg system being originally designed to measure the ECG in 
a non-isolated system. The work can then be extended to investigate the effects from 
referencing in other measurement systems, for example in impedance tomography (Brown et 
al 1985).
12.2.2 Computer simulations
(a) Failure of convergence
The immediate recommendation is to remove the convergence problems in the simulations of 
the referencing systems, section 11.4. This will require a re-examination of the parameters 
used in the iteration algorithms and to consider the op-amp model and the capacitive 
components used in the current simulations. This is because the current preamplifier has a 
high gain, which can introduce the eiTors in the algorithms from setting very high initial 
voltages at the capacitive elements. On the advice of Meta-Software, the inductance elements 
used in the op-amp model also need to be considered. However, one problem associated with
28 I
these recommendations is the uncertainty in the loss of accuracy in the model and hence in the 
simulation results if these modifications were made.
Since the convergence problems are associated with there being current sources at the inputs, 
one recommendation is to remove the current source, Ib - figure 10.5, and use a voltage 
source of an amplitude determined from the simulations that have converged. For example, 
since Vb in the three electrode REF-001 simulation equals that in the preliminary simulation 
with no op-amp model, the value for Vb from the preliminary two-electrode system could be 
used in the two electrode REF-001 simulation.
(b) Development of the model
To confirm the results from the experimental studies, necessitates values for the experimental 
parameters to be used to improve the accuracy and extend the scope of the simulations. 
Recommendations are:
1. Replacing the skin-electrode impedance with a parallel R-C circuit, which is a more 
accurate model, using values from published work or from direct measurements.
2. A re-assessment, using practical measurements, of the coupling parameters, such as 
the coupling to circuit common.
3. To simulate the body tissues using either simple R-C circuits, because of the 
complexity of the tissues, or to use a more detailed model to increase the accuracy, 
using other electronic components, such as inductive or semiconductive elements. 
This could be used to validate the assumption that the body surface is equipotential for 
a.c. sources and to investigate the importance of the position of the third electrode.
4. Having done (3), an EMG could be simulated and used in the model. This would 
allow an investigation of the effect from different systems on the EMG signal. The 
EMG simulation could either be from published work (Blinowska and Piotrkiewicz
1978) or from digitising the signals sampled during the experimental tests (De Luca
1979).
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(c) Simulating different applicatioos_of referencing systems
Using the simulations proposed in this work, the effect from using different applications, such 
as telemetry and ambulatory, may be examined by modifying the parameters. For example, to 
simulate a telemetry system the isolation impedance, Rg-Cg, may be open-circuited leaving 
only the stray capacitance. Ce; whereas to simulate an ambulatory system would use a similar 
modification, but with a much reduced Ce value. This study has been started from the work 
described in section 10.6, from examining the effect from parameter changes on the simulation 
results.
(d) Simulating the effects from other interference sources
Additional interference sources can be used in the present simulations, by simply defining the 
source, i.e. its connection nodes, and the amplitude and frequency of the signal. These 
sources may include RF and magnetic induction interference and d.c. drift. Therefore, the 
benefits of the referencing systems may be examined over a much wider frequency range and 
not just at the power-line frequency. The tests are necessary to confirm that the effects from 
these sources are negligible in the interference equation.
12.2.3 Extending work to d.c. studies
This work needs to be extended to the d.c. system, discussed in section 1.2, to meet the initial 
objectives. Subject trials, similar to those presented for this EMG work, need to be conducted 
to measure the surface d.c. potential using the different referencing systems. From the EMG 
results, it was indicated that there is a significant effect because of the differences between the 
systems at the lower frequencies. However, since the reliability and repeatability of the d.c. 
potentials has not been confirmed, to quantify the effects from referencing it is recommended 
that a phantom model is used.
A phantom simulates a signal source and the surrounding tissue and hence is a more controlled 
environment than compared to subject tests. It removes the variability in the signal source and 
physiology and therefore isolates the referencing and d.c. system. In the published literature, 
phantoms have primarily been used in magnetic resonance imaging (Broadhurst et al 1987,
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Marchai et al 1989), based around a saline based gel to give the conductivity properties, with 
added constituents, such as polyethylene powder, to give the dielectric properties (Kaune and 
Forsythe 1985, Kato and Ishida 1987, Wonnell et al 1992). However, though these simulate 
the electrical properties of tissues, they are limited for use in this work since there is no signal 
source. Therefore, two recommendations are proposed.
The first uses a small PCB, with solder points attached, similar to that used by Kaune and 
Forsythe (1985) in measuring current densities, placed in the centre of a d.c. electric field 
between two parallel plates. The plates need to be large in comparison to the PCB so that the 
perturbation of the field at the sides does not affect the field at the PCB. The amplifier leads 
are then attached to the solder points and from knowing the characteristics of the electric field 
and the orientation of the PCB the expected d.c. potential is calculated. Two problems are 
associated with this design: (i) the effect from the connecting leads and the actual PCB 
material in distorting the field around the solder points, and (ii) an examination of the effects 
from referencing is not possible since there is no inter-connection between a third point and 
the two inputs.
The second uses a saline-based system, similar to those described earlier, but modified to 
include a d.c. source, perhaps from a concentration gradient between two different saline 
solutions. Preliminary tests using two saline solutions were conducted in a screened room, 
but the results were not stable, probably because of impurities in the saline solution, the 
glassware or the metals used as connectors to the amplifier. This also did not account for the 
connection of a third electrode. This may be overcome by using two sections of a saline 
based gel or a saline soaked foam, from which the signal source is derived, and partly 
surrounding this with a third section, to which the third electrode is connected. Therefore, 
electrical contact is achieved between all three.
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The computer simulations developed in the EMG studies could be modified to examine the 
effect on the d.c. system. This will necessitate altering the preamplifier characteristics and re­
assessing the possible sources of noise, artefacts and interference that may be present in such 
measurements. Examples are the low frequency signals associated with electrode and lead 
motion, 50Hz interference signals being modulated at lower frequencies and d.c. drift from 
static voltages. These simulations may be used in the furture to confirm some of the d.c. 
results, but currently there needs to be further experimental work to establish a set of typical 
and non-typical values.
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Appendix A
INSTABILITY OF DRIVEN SHIELD CONFIGURATION
Driven shields, discussed in section 3.3.4, generate a feedback loop which can cause 
instability. By considering one of the input op-amps, Ai, in the instrumentation amplifier, the 
feedback loop can be represented as in figure A.I. Additional parameters used are: G(s) - 
frequency response of the shield driver, Re - skin-electrode resistance, Ci - shield capacitance. 
Va - effectively the common-mode signal measured at the common point of Ra and Rg.
Fig. A. 1 Feedback loop formed by driving the op-amp
G(s)
Yin
Re
VOUT
R3 RA
Va
to Other input op-amp
Since for common-mode signals the input op-amp has unity gain, the potential at the non­
inverting terminal is equal to Vqut- Therefore, figure A.l can be simplified to that in figure 
A.2.
Fig. A.2 Simplified circuit of figure A.1
VIN •
G(s).VOUT
Re VOUT
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From circuit analysis,
V iN  - V q u t  . (G(s) “ U .^ O U T  _Re _L “sCi
and the closed loop transfer response, H(s), can then be determined,
Hfsl -  '*'OU T ___________!_________ ^ “  V|N “  1 + (1 - G(s))sCiRe
Assuming that the driving op-amp has a transfer response of 
AG(s) 1 + T2S
and that Ti equals the product of Ci and Re*, substitution into H(s) results in a second order 
response:
H(s) = ------------------------------------  _
1 + ( t 2  +  (1 - A ) T | ) s  + %1%2S^
For instability, the poles of a response need to lie in the left-hand side of the complex s-plane. 
This is determined by calculating the real parts of the solutions to the characteristic equation:
1 +  (^^2 +  (1 - A ) T i ) s + T iT2S  ^ =  0
^ -T2 - (1 - A ) T i ±  a/ ^ 2  +  2(1  - A)'Z\'l2 + (1 - A)H{^ - 4X112 
 ^ 2Ti%2
Considering the term in the square-root:
T2^ + 2(1 - A)'Ti1:2 + (1 - A)2xi2 - 4'Zi%2
t2^ + 21:11:2 - 2Ai:|i:2 + - 2ATi + A^xi^ - 4x 1X2
(1:22-21:1X2 + Xi2) - AX i(2X2 + 2 - AXi)
(X| - X2)2 - AXi(2X2 + 2 - AXi)
Since %[ and % are small and A is approximately unity, this simplifies to:
(Ti - T 2 ) ^ - 2 AT i
but 2AX\ » (Ti - X2Ÿ, so all of the square-root term is negative. Therefore this determines the 
imaginary parts of the poles.
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From this, it can be concluded that the real parts of the poles equal
-X2 ~ ( i  ~ AjXi 
2 X1X2
For stability, the real part must be less than unity. Therefore
- X 2 - ( l  - A)Xi 
2 X1X2
AXi <(Xi +X2)
A <  1 Xl
Metting van Rijn et al (1990) discuss the effects of different ratios. However, a more 
simple recommendation to achieve stability, independent of Ti and T2 , is to ensure that the 
gain A is less than 1.
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Appendix C
SUBJECT DETAILS FROM ASSESSMENT AND QUESTIONNAIRE
Subject Age-Sex Use of arms in physical exercise (per week) Circumference of biceps brachii (max.) Leadlinelength
A 2 2 -M None 300 270
B 2 9-M Squash (0.5) 315 265
C 2 4 - F Squash (1) 295 305
D 2 5 -M None (weights in past) 395 290E 2 4 - F Fitness training (3) 325 274
F 22- M Basketball (3) 298 265
G 2 4 - M None 267 285
H 22- M Weight training (6) 313 275
I 2 7 - F None 268 300
J 26- M Weight training (7) 345 310
K 2 5-M Squash (2) 315 320
L 24- M Weight training (1) 280 290
M 26- M None 335 310N 24- M Weight training (4) 368 305
P 26- M Squash/tennis (1) 336 325
Q 2 2 - F Aerobics (3) 295 270R 27- M None 315 320
S 26- M Climbing (1) 290 300T 31- M Squash/cricket (2) 325 315
U 2 2 - F Fitness training (0.5) 270 260V 30-M Squash (1) 320 300w 2 8 -M None (weights in past) 345 330
All measurements are in mm 
Sex: M (male) and F (female)
All subjects stated that their right arm was the most dominant arm.
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Appendix D
CONSTRUCTION OF THE HANNING DATA WINDOW
The CED default window is a raised cosine, but this may be replaced by a designed one. For 
this work the windows which were investigated were constructed, using BASIC programs to 
calculate the data array, in accordance with CED requirements. The requirements are that the 
file must be 4096 bytes long (the data is 2048 16 bit integers) and the integers scaled so that 
unity is represented by 32767. If the input block size is less than 2048 points then points are 
skipped in the window array. The listing for the BASIC program to define the Hanning 
window which was selected for this work is listed below.
REM BASIC program to set up the Hanning window 
REM Hanning a=0.5
REM Written by Duncan Wood and David Ewins 
CLS
OPEN "c:\water\window4.arr" FOR BINARY AS #1 
OPEN "c:\water\window4.txt" FOR OUTPUT AS # 2  
DEFINT X-Z 
z = -1023 
a = 0.5
F O R x =l T O 40 9 5  STEP2
y = INT (32767 * ( a +  (1-a) * COS (2 * 3.14159 * z /  2048)))
PUT # l , x , y  
PRINT y 
WRITE #2 , y 
z = z + 1 
NEXTx 
CLOSE #1 
CLOSE m
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Appendix E
RESULTS FROM PARAMETER CHANGES INJSEICE SIMULATIONS
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Displacement current into the body
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